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at
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m
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M
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se
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, b
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r c
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l c
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d
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ca
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pe
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ra
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r f
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r s
io
w
er
gr
ow
in
g
en
ds
to
w
ar
ds
th
e
ce
n
tr
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; f
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ra
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ra
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ra
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d
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n
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ra
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.
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it
is
de
po
ly
m
er
iz
ed
. T
hi
s
pr
op
es
s
o
f ‘
ac
tin
tr
ea
dm
ill
in
g’
is
co
n
tr
ol
le
d
by
th
e
m
yo
sin
fa
m
ily
o
fm
ot
or
pr
ot
ei
ns
an
d
lia
s
an
im
po
rta
nt
ro
le
in
fil
op
od
ia
an
d
la
m
el
lip
od
ia
re
tr
ac
tio
n
(F
ors
ch
er
an
d
Sm
ith
,
19
88
;L
in
et
aL
, 1
99
6).
Th
ird
, i
n
a
pr
oc
es
s
th
at
is
n
o
t
ye
t c
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n
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ra
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at
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ra
te
o
fr
et
ro
gr
ad
e
flo
w
m
ed
ia
te
fil
op
od
ia
an
d
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m
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ac
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re
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at
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-th
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at
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og
ra
de
tr
an
sp
or
to
ff
-a
ct
in
is
slo
w
ed
in
th
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m
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at
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d
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w
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, r
es
u
lti
ng
in
a
dr
am
at
ic
de
cr
ea
se
in
n
eu
rit
e
o
u
tg
ro
w
th
(M
eb
erg
et
al
.,
19
98
).
A
s
di
sc
us
se
d
ab
ov
e,
du
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m
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se
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re
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at
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f c
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re
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ra
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S
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en
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it
w
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sh
ow
n
th
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d
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ra
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y
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o
n
s
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ey
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e
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al.
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20
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Ib
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n
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e
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ra
m
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N
S
n
eu
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n
s
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e
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d
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o
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en
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at
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s
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N
S
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jur
y (
fem
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de
se
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al.
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19
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et
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fe
t
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19
91
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n
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a
m
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siv
e
u
p
re
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o
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u
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N
S
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d
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re
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ra
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en
v
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an
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re
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ra
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Se
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n
th
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S
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n,
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ye
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he
ne
t
al.
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19
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ow
ev
er
,
th
er
e
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su
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ta
nt
ia
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ss
M
A
G
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S
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co
m
pa
re
d
to
CN
S
m
ye
lin
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ur
th
er
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cr
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se
d
im
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un
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PN
S
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jur
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m
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ed
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te
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y
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m
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ed
w
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m
at
te
r,
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ch
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ld
po
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nt
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lly
be
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th
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to
ry
,f
ro
m
th
e
le
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e.
Th
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en
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n
th
e
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at
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en
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ld
m
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e,
w
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ch
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ve
a
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nt
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lly
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du
ce
d
ra
te
o
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ye
lin
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o
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(B
row
n e
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al.
,
19
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et
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.,
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th
e
CN
S,
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m
in
jur
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m
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n
at
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e
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sio
n
sit
e
fo
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n
ex
te
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ed
pe
rio
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o
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m
e,
fii
rth
er
co
n
tr
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ut
in
g
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th
e
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ow
th
in
hi
bi
to
ry
en
v
iro
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en
t (
faw
ce
tt
an
d
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ey
ne
s,
19
90
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A
dd
iti
on
al
gr
ow
th
in
hi
bi
to
ry
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o
le
cu
le
s,
su
ch
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ch
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ot
in
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te
pr
ot
eo
gl
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an
s
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SP
Gs
)a
n
d
n
eg
at
iv
e
gu
id
an
ce
cu
es
,
ar
e
al
so
u
p
re
gu
la
te
d
af
te
r C
N
S
in
jur
y,
an
d
kn
ow
n
to
be
pr
es
en
tw
ith
in
th
e
gu
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sc
ar
(F
aw
ce
tt
an
d
A
sh
er
, 1
99
9).
Th
e
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tr
og
lia
ls
ca
r
is
sp
ec
ifi
c
to
th
e
CN
S
an
d
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di
sc
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se
d
ea
rli
er
ac
ts
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bo
th
a
ph
ys
ic
al
an
d
a
ch
em
ic
al
ba
n-
ie
rt
o
re
ge
ne
ra
tio
n
(F
aw
ce
tt
an
d
A
sh
er
,
19
99
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:1 LI
1.
8.
2
C
el
ld
ea
th
A
cu
te
sp
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tr
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in
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e
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e
c
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r
e
ii
1
tn
a
I
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at
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op
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tic
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li
de
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cc
u
rs
af
te
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CI
in
jur
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A
po
pt
os
is
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re
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on
si
bl
e
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he
de
la
ye
d
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li
de
at
h
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w
in
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n
d
ex
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el
l b
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e
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e
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nju
ry
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ev
ie
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s
se
e
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ea
ttie
et
al
.,
20
00
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ea
tti
e
et
al.
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00
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;
Sc
hw
ar
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an
d
Fe
hl
in
gs
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00
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Th
e
pa
th
op
hy
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ol
og
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o
ft
hi
s
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se
co
n
da
ry
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jur
y’
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v
er
y
co
m
pl
ex
an
d
in
vo
lv
es
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an
y
ce
llu
la
r
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an
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pr
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su
ch
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e
o
fe
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ci
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ry
am
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s
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cr
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se
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le
ve
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o
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nt
ra
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llu
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r
ca
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he
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ne
ra
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n
o
ff
te
e
ra
di
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ls,
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id
pe
ro
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an
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ed
em
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an
d
H
al
l,
19
93
; F
eh
lin
gs
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d
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r,
19
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or
an
d
fe
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gs
,
19
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e
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op
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r c
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le
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e
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u
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r c
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m
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de
at
h,
tis
su
e
da
m
ag
e
an
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te
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. f
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an
d
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de
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str
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eu
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CI
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t f
un
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an
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op
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do
w
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at
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os
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rp
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et
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in
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ch
an
ge
s
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ce
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lo
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cc
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r
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rin
g
ap
op
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sis
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lu
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ng
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ge
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at
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n
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at
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N
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et
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tr
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t
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n
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ro
tic
ce
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de
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w
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te
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at
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ra
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ce
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ra
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re
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c
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at
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os
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e
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at
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gu
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d
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te
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e
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re
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ro
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, r
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ry
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e
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ro
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at
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at
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ro
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ay
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at
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re
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at
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at
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ra
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m
an
y
di
ffe
re
nt
ce
il
ty
pe
s,
w
ith
hi
gh
a
ex
pr
es
si
on
in
fle
ur
on
s,
su
gg
es
tin
g
th
at
it
m
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at
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v
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e
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o
n
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at
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r c
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e
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l c
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om
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e
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e
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at
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o
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at
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r o
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.
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at
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e
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e
an
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at
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er
an
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ro
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et
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r p
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at
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a
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.
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y
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t o
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e
w
elI
do
cu
m
en
te
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te
ns
e
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fla
m
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at
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te
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by
a
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e
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e
in
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o
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m
m
at
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y
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e
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sio
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e
an
d
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n
di
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e
an
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se
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ot
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at
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e
ex
te
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f d
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e
be
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e
le
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n
ar
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ch
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an
d
B
ar
th
ol
di
,
19
96
).
Th
e
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t m
ec
ha
ni
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u
n
de
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in
g
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n
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ag
e
o
f
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ne
ra
tio
n
ar
e
n
o
t
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el
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u
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, I
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s
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gg
es
te
d
th
at
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ol
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ge
d
ce
li
de
at
h
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fro
m
th
e
le
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sit
e
is
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ge
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en
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o
fc
al
ci
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lu
ta
m
at
e
an
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o
th
er
ex
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to
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o
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e
ra
di
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c
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xe
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an
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pr
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fla
m
m
at
or
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to
ki
ne
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su
ch
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TN
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se
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en
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o
fth
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an
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th
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; Y
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ng
,
19
93
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4).
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ra
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ro
te
in
(O
M
gp
),
th
e
m
o
st
re
ce
n
tly
id
en
tif
ie
d
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os
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d
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e
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at
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ro
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ra
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ce
pt
or
fo
r
_
_
_
_
_
N
og
o-
66
,t
er
m
ed
N
og
o-
66
re
ce
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re
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d
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is
47
3
am
in
o
ac
id
pr
ot
ei
n
co
n
ta
in
s
a
m
em
br
an
e
tr
an
si
oc
at
io
n
sig
na
ls
eq
ue
nc
e,
fo
llo
w
ed
by
8
le
uc
in
e-
ric
li-
re
pe
at
(L
RR
)d
om
ai
ns
an
d
a
cy
sti
ne
ric
h
LR
R
ca
rb
ox
y-
te
rm
in
al
fla
nk
in
g
do
m
ai
n.
Th
e
C-
te
rm
in
al
co
n
ta
in
s
a
u
n
iq
ue
re
gi
on
Ïoc
ate
dp
rio
rt
o
a
G
PI
an
ch
or
ag
e
sit
e
(F
ou
mi
er
et
aï
.,
20
01
).
D
el
et
io
n
st
ud
ie
s
ha
ve
su
gg
es
te
d
th
at
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at
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al.
, 2
00
1;
D
or
ne
ni
co
ni
et
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l l
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is
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t f
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n.
Th
es
e
re
su
its
w
er
e
co
n
fir
m
ed
by
lo
ss
o
f f
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v
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co
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ist
fo
r N
og
o,
M
A
G
an
d
O
M
gp
an
d
it
is
a
ch
al
le
ng
e
to
u
n
de
rs
ta
nd
ho
w
o
n
e
re
ce
pt
or
ca
n
bi
nd
3
u
n
re
la
te
d
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n
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se
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n
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re
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t c
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re
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t
al.
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r d
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r m
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at
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d
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ro
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t b
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ic
rr
n
rp
rd
(A
P
c
4
A
D
1.
11
R
es
ea
rc
h
o
bj
ec
tiv
es
1.
11
.1
O
bje
cti
ve
1
O
ne
o
ft
he
m
ajo
rr
ea
so
n
s
fo
r t
he
la
ck
o
fr
eg
en
er
at
io
n
in
th
e
CN
S
o
fa
du
it
m
am
m
aï
s
is
th
e
pr
es
en
ce
o
fg
ro
w
th
in
hi
bi
to
ry
pr
ot
ei
ns
.I
t i
sk
no
w
n
th
at
th
e
sm
al
lG
TP
as
e
R
ho
is
an
im
po
rta
nt
in
tra
ce
llu
la
rs
ig
na
lin
g
m
o
le
cu
le
in
vo
lv
ed
in
n
eg
at
iv
e
sig
na
lin
g
pa
th
w
ay
tr
ig
ge
re
d
by
gr
ow
th
in
hi
bi
to
ry
pr
ot
ei
ns
.T
he
M
cK
er
ra
ch
er
la
b
ha
s
pr
ev
io
us
ly
de
m
on
str
at
ed
th
at
th
e
in
ac
tiv
at
io
n
c
fR
ho
by
C3
pr
om
ot
es
n
eu
rit
e
o
u
tg
ro
w
th
fro
m
PC
-U
ce
ils
an
d
R
G
C
pl
at
ed
o
n
in
hi
bi
to
ry
M
A
G
o
r
m
ye
lin
su
bs
tra
te
s.
Tri
v
iv
o,
tr
ea
tm
en
tw
ith
C3
st
im
ul
at
es
re
ge
ne
ra
tio
n
o
fR
G
C
af
le
r o
pt
ic
n
er
v
e
m
ic
ro
Ïes
ion
(L
eh
nia
nn
et
al
.,
19
99
).
H
ow
ev
er
,t
hi
s
re
ge
ne
ra
tiv
e
re
sp
on
se
is
sh
or
t-Ï
ive
da
n
d,
w
e
su
gg
es
t,
m
ay
be
du
e
to
th
e
la
ck
o
fp
er
m
ea
bi
lit
y
c
f C
3.
Th
er
ef
or
e,
w
e
pr
op
os
ed
to
m
ak
e
a
se
rie
s
o
fr
ec
om
bi
na
nt
,
ch
im
er
ic
C3
-li
ke
pr
ot
ei
ns
th
at
ca
n
fr
ee
ly
en
te
r
th
e
ce
il
an
d
in
ac
tiv
at
e
R
ho
.T
he
re
su
its
o
f
th
is
st
ud
y
ar
e
n
o
w
pu
bl
ish
ed
u
n
de
rt
he
tit
ie
:
C
ha
ra
ct
er
iz
at
io
n
o
fn
ew
c
e
ltp
er
m
ea
bl
e
C3
-
Ïik
ep
ro
te
in
s
th
at
in
ac
tiv
at
e
Rh
o
a
n
d
st
im
ut
at
ed
n
eu
rit
e
o
u
tg
ro
w
th
on
in
hi
bi
to
iy
su
bs
tra
te
s,
in
Th
e
Jo
ur
na
lc
f B
io
lo
gi
ca
l C
he
m
ist
ry
,V
ol
.2
77
, N
o.
36
, p
p.
32
82
0-
32
82
9,
‘
)fl
fl’
)
r
1
f
-
’
)
\
C
4
À
Ca
m
pe
no
t c
ha
m
be
rs
is
ol
at
e
ce
li
bo
di
es
an
d
di
sta
l a
x
o
n
s
o
fn
eu
ro
ns
in
to
in
de
pe
nd
en
t
co
m
pa
rtm
en
ts,
an
d
al
lo
w
fo
r t
he
in
ve
sti
ga
tio
n
o
fr
es
po
ns
es
w
he
n
ce
il
bo
di
es
an
d
ax
o
n
s
ar
e
ex
po
se
d
se
pa
ra
te
ly
to
te
st
co
m
po
un
ds
(C
am
pe
no
t,
19
92
).
Th
er
ef
or
e,
to
ex
am
in
e
th
e
ef
fe
ct
s
o
f R
ho
in
ac
tiv
at
io
n,
o
n
n
eu
rit
e
gr
ow
th
, w
he
n
iso
la
te
d
to
sp
ec
ifi
c
ce
llu
la
r l
oc
at
io
ns
(i.e
.c
cl
i b
od
y
v
s.
di
sta
l a
x
o
n
s),
w
e
cu
ltu
re
d
SC
G
in
C
am
pe
no
tc
ha
m
be
rs
, t
re
at
ed
th
e
v
ar
io
us
co
m
pa
rtm
en
ts
w
ith
C3
-0
7
in
de
pe
nd
en
tly
, a
n
d
m
ea
su
re
d
th
e
ef
fe
ct
o
fi
so
fa
te
d
Rh
o
in
ac
tiv
at
io
n
o
n
ax
o
n
ai
gr
ow
th
af
te
r a
x
o
to
m
y
an
d
in
th
e
pr
es
en
ce
o
fi
nh
ib
ito
ry
su
bs
tra
te
s.
Th
e
re
su
its
o
ft
hi
s
st
ud
y
ar
e
de
sc
rib
ed
in
th
e
m
an
u
sc
rip
te
n
tit
le
d
ht
ac
tiv
at
io
n
o
fR
ho
sig
na
Ïin
g
in
n
e
u
ro
n
a
lc
eI
l b
od
ie
sp
ro
rn
ot
ed
n
eu
rit
e
gr
ow
th
on
in
hi
bi
to
îy
su
bs
tra
te
s
a
n
d
re
ge
ne
ra
tio
n
o
fr
et
in
al
ga
ng
lio
n
ce
il
ax
o
n
s
in
th
e
o
pt
ic
n
er
v
e
o
fa
du
it
ra
ts
,
w
hi
ch
is
cu
rr
en
tly
in
pr
ep
ar
at
io
n
an
d
to
be
su
bm
itt
ed
to
th
e
Jo
ur
na
lo
f N
eu
ro
sc
ie
nc
e
(se
e
A
pp
en
di
x
A
).
1.
11
.3
O
bje
cti
ve
3
W
e
ha
ve
sh
ow
n
in
m
ic
e
th
at
th
e
in
ac
tiv
at
io
n
o
f R
ho
by
C3
pr
om
ot
es
an
at
om
ic
al
re
ge
ne
ra
tio
n
an
d
st
im
ul
at
es
fu
nc
tio
na
l r
ec
o
v
er
v
af
te
rs
n
in
i1
r
c
n
i
n
in
i-
’
+
‘
L V
tr
ea
tm
en
t
o
n
ap
op
to
sis
af
le
r s
pi
na
l c
o
rd
in
jur
y i
n
bo
th
ra
t
an
d
m
o
u
se
m
o
de
ls.
Th
e
re
su
its
o
fth
is
st
ud
y
ar
e
re
po
rte
d
in
th
e
ar
tic
le
en
tit
le
d:
Rh
o
a
c
ti
v
a
ti
o
n
p
a
tt
e
rn
s
a
ft
e
r
sp
in
al
co
rd
in
jui
y a
n
d
th
e
ro
te
o
fa
ct
iv
at
ed
Rh
o
in
a
p
o
p
to
si
s,
pu
bl
ish
ed
in
Th
e
Jo
um
a
o
f C
el
i
Bi
ol
og
y,
V
ol
.1
62
, N
o.
2,
pp
.2
33
-2
43
, 2
00
3
(se
eA
pp
en
di
x
B)
.
:4
1.
11
.4
O
bje
cti
ve
4
R
ec
en
tly
, D
ub
re
ui
l e
t
al.
(D
ub
reu
il
et
al
.,
20
03
) h
av
e
de
m
on
str
at
ed
th
at
R
ho
is
ab
no
rm
al
Ïy
ac
tiv
at
ed
in
bo
th
n
eu
ro
n
al
an
d
gu
ai
ce
lis
af
le
r S
CI
,a
n
d
th
at
th
is
in
ac
tiv
at
io
n
o
f R
ho
is
ce
li
pr
ot
ec
tiv
e.
Su
ch
re
su
its
im
pl
ic
at
e
ab
no
rm
al
Rh
o
ac
tiv
at
io
n
in
ap
op
to
tic
ce
il
de
at
h
af
ie
r n
eu
ro
n
al
tr
au
m
a
(D
ub
reu
il
et
al.
, 2
00
3).
M
ye
lin
is
kr
io
w
n
to
ac
tiv
at
e
Rh
o.
(W
int
on
et
al
.,
20
02
) H
ow
ev
er
, i
t i
s f
lo
tk
no
w
n
if
rn
ye
lin
-d
ev
ed
o
w
th
in
hi
bi
to
’
pr
ot
ei
ns
co
n
tr
ib
ut
e
to
Rh
o
m
ed
ia
te
d
ap
op
to
sis
. T
o
in
ve
sti
ga
te
if
Rh
o
ac
tiv
at
io
n
by
gr
ow
th
in
hi
bi
to
ry
pr
ot
ei
ns
af
fe
ct
s
n
eu
ro
n
al
c
dl
de
at
h,
w
e
st
ud
ie
d
th
e
su
rv
iv
al
o
fn
eu
ro
ns
pi
at
ed
on
m
ye
lin
su
bs
tra
te
s,
in
th
e
pr
es
en
ce
o
r
ab
se
nc
e
o
fv
ar
io
us
ap
op
to
tic
fa
ct
or
s.
Th
e
re
su
its
o
fth
is
st
ud
y
ar
e
re
po
rte
d
in
th
e
m
an
u
sc
rip
t e
n
tit
le
d
G
ro
w
th
in
hi
bi
to
iy
pr
ot
ei
ns
co
n
tr
ib
ut
e
to
R
ho
-d
ep
en
de
nt
ap
op
to
sis
in
th
e
n
r
e
s
e
ii
fT
?
[P
iï
r1
€1
r
r
’
’
C
ha
pt
er
2
2
Fi
rs
t A
rti
cl
e
«
C
ha
ra
ct
er
iz
at
io
n
o
fn
ew
ce
il
pe
rm
ea
bl
e
C3
-li
ke
pr
ot
ei
ns
th
at
in
ac
tiv
at
e
R
ho
an
d
st
im
ul
at
ed
n
eu
rit
e
o
u
tg
ro
w
th
o
n
in
hi
bi
to
ry
su
bs
tra
te
s.
M
at
th
ew
J.
W
in
to
n,
Ca
th
er
in
e
I.
D
ub
re
ui
l,
D
an
a
La
sk
o,
N
ic
ol
e
Le
cl
er
c
an
d
Li
sa
M
cK
er
ra
ch
er
. J
B
io
lC
he
m
27
7(3
6):
32
82
0-
9;
20
02
.»
C
ha
ra
ct
er
iz
at
io
n
o
f
N
ew
Ce
il
Pe
rm
ea
bl
e
C3
-L
i.k
e
Pr
ot
ei
ns
T
ha
t
In
ac
tiv
at
e
R
ho
a
n
d
St
im
ul
at
e
N
eu
rit
e
O
ut
gr
ow
th
o
n
In
hi
bi
to
ry
Su
bs
tr
at
es
M
at
th
ew
J.
W
in
to
nS
,C
at
he
rin
e
I.
D
ub
re
ui
1,
D
an
a
La
sk
ot
,N
ic
ol
e
L
ec
1e
rc
,a
n
d
Li
sa
M
cK
en
ac
he
rs
SJ
.
ÇD
ép
art
em
en
t d
e
Pa
th
ol
og
ie
et
bi
ol
og
ie
ce
llu
la
ire
,
U
ni
ve
rs
ité
de
M
on
tré
al
,M
on
tré
al
Ou
éb
ec
, H
3T
1J
4,
.
tB
io
A
xo
ne
Th
ér
ap
eu
tiq
ue
In
c.,
29
00
Éd
ou
ard
M
on
tpe
tit,
P-
90
6
Pa
vi
llo
n
Pr
in
ct
al
,
M
on
tré
al
,
Qu
éb
ec,
H
3T
I]’
!,
c
a
n
a
da
.
Ru
nx
iin
g
Ti
tie
: N
ew
C3
-li
ke
Ch
im
er
ic
Pr
ot
ei
ns
•
2
,
•
2.
1
Su
m
m
ar
y
Th
e
ac
tiv
at
io
n
st
at
e
o
fR
ho
is
an
im
po
rta
nt
de
te
rm
in
an
t o
fa
x
o
n
gr
ow
th
an
d
re
ge
ne
ra
tio
n
in
fle
ur
on
s.
A
xo
ns
ca
n
ex
te
nd
n
eu
rit
es
o
n
gr
ow
th
in
hi
bi
to
ry
su
bs
tra
te
s
w
he
n
Rh
o
is
in
ac
tiv
at
ed
by
C3
-A
D
P-
rib
os
yÏ
tra
ns
fer
as
e (
C3
).
W
e
fo
un
d
by
R
ho
-G
TP
pu
ll-
do
w
n
as
sa
y
th
at
in
hi
bi
to
ry
su
bs
tra
te
s
ac
tiv
at
e
Rh
o.
b
in
ac
tiv
at
e
R
ho
sc
ra
pe
lo
ad
in
g
o
f C
3
w
as
n
ec
es
sa
ry
, a
s
it
do
es
n
o
t
fre
el
y
en
te
r
ce
ils
.T
o
o
v
er
co
m
e
th
e
po
or
pe
rm
ea
bi
lit
y
o
f C
3,
v
ie
m
ad
e
an
d
ch
ar
ac
te
riz
ed
fiv
e
n
ew
re
co
m
bi
na
nt
C3
-li
ke
ch
im
er
ic
pr
ot
ei
ns
de
sig
ne
d
to
cr
o
ss
th
e
ce
li
m
em
br
an
e
by
re
ce
pt
or
-in
de
pe
nd
en
t m
ec
ha
ni
sm
s.
Th
es
e
pr
ot
ei
ns
w
er
e
co
n
st
ru
ct
ed
by
th
e
ad
di
tio
n
o
fs
ho
rt
tr
an
sp
or
t p
ep
tid
es
to
th
e
ca
rb
ox
yl
te
rm
in
al
o
fC
3
an
d
te
st
ed
u
sin
g
a
bi
oa
ss
ay
m
ea
su
rin
g
n
eu
rit
e
o
u
tg
ro
w
th
o
f P
C-
12
ce
ils
pl
at
ed
o
n
gr
ow
th
ii
b
it
o
su
bs
tra
te
s.
A
il
fiv
e
co
n
st
rn
ct
s
st
im
ul
at
ed
n
eu
rit
e
o
u
tg
ro
w
th
, b
ut
w
ith
di
ffe
re
nt
do
se
-re
sp
on
se
pr
of
ile
s.
B
io
ch
em
ic
al
pr
op
er
tie
s
o
ft
he
ch
im
er
ic
pr
ot
ei
ns
w
er
e
ex
am
in
ed
u
sin
g
C3
-0
5,
th
e
m
o
st
ef
fe
ct
iv
e
co
n
st
ru
ct
te
st
ed
G
el
sh
ifi
as
sa
ys
sh
ow
ed
th
at
C3
-0
5
re
ta
in
ed
th
e
ab
ili
ty
to
A
D
P-
rib
os
yl
at
e
Rh
o.
W
es
te
rn
bl
ot
s
an
d
im
m
un
oc
yt
oc
he
m
is
try
w
er
e
u
se
d
to
v
e
th
e
pr
es
en
ce
o
fC
3
in
sid
e
tr
ea
te
d
ce
lls
. C
3-
05
w
as
al
so
ef
fe
ct
iv
e
at
pr
om
ot
in
g
n
e
u
n
te
o
u
tg
ro
w
th
in
pr
im
ar
y
n
eu
ro
n
al
cu
ltu
re
s,
as
w
el
l a
s
ca
u
sin
g
th
e
C
2.
2
In
tr
od
uc
tio
n
Rh
o
G
TP
as
e
re
gu
la
te
s
th
e
ac
tin
cy
to
sk
el
et
on
an
d
ce
il
m
o
til
ity
in
re
sp
on
se
to
ex
tr
ac
el
lu
la
r s
ig
na
is.
In
iti
al
st
ud
ie
s u
sin
g
Sw
iss
3T
3
fib
ro
bl
as
ts
de
m
on
str
at
e
th
e
ab
ili
ty
o
f
Rh
o
to
re
gu
la
te
th
e
fo
rm
at
io
n
o
fa
ct
in
st
re
ss
fib
er
s
an
d
fo
ca
la
dh
es
io
n
co
m
pl
ex
es
in
n
o
n
-
n
eu
ro
n
al
ce
ils
(1)
. I
n
fle
ur
on
s,
Rh
o
pl
ay
s
a
ke
y
ro
le
in
de
te
rm
in
in
g
th
e
re
sp
on
se
o
f a
x
o
n
s
to
gr
ow
th
in
hi
bi
to
ry
pr
ot
ei
ns
.
G
TP
as
es
ha
ve
tw
o
co
n
fo
rm
at
io
ns
:a
G
D
P-
bo
un
d
in
ac
tiv
e
st
at
e
an
d
a
G
TP
-b
ou
nd
ac
tiv
e
st
at
e
(2)
. T
he
ac
tiv
at
io
n
o
fR
ho
in
n
eu
ro
n
s
ca
u
se
s
gr
ow
th
co
n
e
co
lla
ps
e,
n
eu
rit
e
re
tr
ac
tio
n
an
d
ce
li
bo
dy
ro
u
n
di
ng
(3-
5).
Tr
ea
tm
en
tw
ith
C3
-A
D
P-
‘1
rib
os
yl
tra
nf
er
as
e
(C
3),
a
sp
ec
ifi
c
in
hi
bi
to
ro
f R
ho
, s
tim
ul
at
es
ax
o
n
gr
ow
th
an
d
re
ge
ne
ra
tio
n
(6-
7).
To
be
ef
fe
ct
iv
e,
th
is
24
kD
a
pr
ot
ei
n
m
u
st
cr
o
ss
th
e
pl
as
m
a
m
em
br
an
e
an
d
in
te
ra
ct
w
ith
in
tra
ce
llu
la
r R
ho
,h
ow
ev
er
,C
3
do
es
n
o
t
ea
sii
y
en
te
r
ce
ils
. T
o
da
te
, v
a
rio
us
m
et
ho
ds
ha
ve
be
en
u
se
d
to
he
lp
fa
ci
lit
at
e
th
e
en
tr
y
o
f C
3
in
to
ce
lis
. I
n
ex
pe
rim
en
ts
u
sin
g
fib
ro
bl
as
ts,
C3
is
m
ic
ro
in
jec
ted
in
to
in
di
vi
du
al
ce
lis
(1)
, w
he
re
as
in
st
ud
ie
s
u
sin
g
n
eu
ro
n
al
ce
ils
,
tr
itu
ra
tin
g
(8)
, o
r
sc
ra
pe
lo
ad
in
g
te
ch
ni
qu
es
(7)
ar
e
u
se
d
to
ai
d
ce
llu
la
r e
n
tr
y.
Th
e
n
ee
d
fo
r
su
ch
di
sr
up
tiv
e
m
et
ho
ds
to
in
ac
tiv
e
Rh
o
by
C3
,a
n
d
th
e
in
ab
ili
ty
to
tr
ea
t
ail
ce
li
ty
pe
s
w
ith
eq
ui
va
le
nt
te
ch
ni
qu
es
ha
s
lim
ite
d
th
e
u
se
o
fC
3
as
a
to
ol
fo
rh
o
rh
p
m
r’
1
f
1
r
1
r
w
.
in
de
pe
nd
en
tly
cr
o
ss
th
e
ce
il
m
em
br
an
e
be
ca
us
e
it
re
qu
ire
s
th
e
pr
es
en
ce
o
ft
he
C2
to
x
in
C
bi
nd
in
g
co
m
po
ne
nt
, C
21
1,
to
en
te
r
ce
lls
(10
, 1
1).
Bo
th
o
fth
es
e
fu
sio
n
pr
ot
ei
ns
en
te
r
ce
ils
by
re
ce
pt
or
-m
ed
ia
te
d
en
do
cy
to
tic
pa
th
w
ay
s,
an
d
th
er
ef
or
e,
m
ay
be
tr
ap
pe
d
w
ith
in
v
es
ic
le
s,
w
hi
ch
m
ay
le
ss
en
ef
fic
ie
nt
in
te
ra
ct
io
n
w
ith
Rh
o.
Sm
al
l p
ep
tid
es
ca
n
ac
t
as
ca
rr
ie
rs
by
tr
an
sp
or
tin
g
la
rg
e
pr
ot
ei
n
ca
rg
o
ac
ro
ss
ce
il
m
em
br
an
es
. S
uc
h
pe
pt
id
es
ar
e
pa
rt
o
fl
ar
ge
r p
ro
te
in
s
th
at
ar
e
ab
le
to
cr
o
ss
bi
o1
og
ic
a
m
em
br
an
es
. A
se
rie
s
o
fd
iff
er
en
t c
la
ss
es
o
f t
ra
ns
po
rt
pe
pt
id
es
ex
ist
:
1)
th
e
hu
m
an
im
m
un
od
ef
ic
ie
nc
y
v
iru
s
tr
an
sc
rip
tio
n
ac
tiv
at
or
(T
at)
co
n
ta
in
s
a
re
gi
on
sp
an
ni
ng
am
in
o
ac
id
s
37
to
72
, w
hi
ch
tr
an
si
oc
at
es
its
ca
rg
o
to
bo
th
th
e
cy
to
so
l a
n
d
n
u
cl
eu
s
(12
, 1
3).
A
sh
or
te
r T
at
se
qu
en
ce
, s
pa
nn
in
g
am
in
o
ac
id
s
48
to
60
, i
s
al
so
ef
fe
ct
iv
e
(14
).
2)
Th
e
th
ird
he
lix
o
ft
he
A
nt
en
na
pe
di
a
ho
m
eo
do
rn
ai
n
(A
ntp
),
a
D
ro
so
ph
ila
ho
m
eo
pr
ot
ei
n,
po
ss
es
se
s
th
e
ab
ili
ty
to
cr
o
ss
bi
ol
og
ic
al
m
em
br
an
es
. E
xp
er
im
en
ts
u
sin
g
bi
ot
in
yl
at
ed
fo
rm
s
o
ft
hi
s
16
am
in
o
ac
id
pe
pt
id
e
ha
ve
co
n
fir
m
ed
its
ab
ili
ty
to
pe
ne
tra
te
ce
ils
an
d
lo
ca
te
in
bo
th
th
e
cy
to
so
l a
n
d
n
u
cl
eu
s
(1
5-
17
).
3)
Pr
ol
in
es
ar
e
fu
nc
tio
na
l p
ar
tic
ip
an
ts
in
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be
ro
f s
tr
es
s
fib
er
s.
b
co
n
tr
as
t,
w
he
n
Rh
o
w
as
ac
tiv
at
ed
by
LP
A
I
st
im
ul
at
io
n
a
dr
am
at
ic
in
cr
ea
se
in
th
e
fo
rm
at
io
n
o
fs
tr
es
s
fib
er
s
o
cc
u
rr
ed
.T
he
tr
ea
tm
en
t
o
f
LP
A
st
im
ul
at
ed
ce
ils
w
ith
0.
00
25
p.g
Jm
l o
f C
3-
05
re
su
lte
d
in
a
su
bs
ta
nt
ia
ld
ec
re
as
e
in
th
e
1
fo
rm
at
io
n
o
fa
ct
in
st
re
ss
fib
er
s
v
isu
al
iz
ed
by
ph
al
lo
id
in
st
ai
n
(F
ig.
7A
).
Th
er
ef
or
e
C3
-0
5
r I I
to
th
e
se
n
im
st
ar
ve
d
co
n
tr
ol
s
(Fi
g.
73
).
Tr
ea
tm
en
t o
fth
e
LP
A
st
im
ul
at
ed
ce
lls
.w
ith
0.
00
25
jig
/rn
l C
3-
05
pr
ev
en
te
d
th
e
LP
A
-in
du
ce
d
au
gm
en
ta
tio
n
o
ff
oc
al
co
n
ta
ct
s
(Fi
g.
7B
).
Rh
o
ac
tiv
ity
ca
n
be
rn
ea
su
re
d
u
sin
g
G
TP
-b
ou
nd
Rh
o
pu
ll
do
w
n
as
sa
ys
.W
he
n
ce
ils
ar
e
pl
at
ed
on
m
ye
lin
su
bs
tra
te
s,
an
in
cr
ea
se
in
th
e
am
o
u
n
t
o
f a
ct
iv
e
Rh
o
w
as
o
bs
er
ve
d
co
m
pa
re
d
to
ce
ils
pl
at
ed
o
n
po
ly
-l-
ly
sin
e
(Fi
g.
SA
).
W
he
n
PC
-1
2
ce
lis
w
er
e
pl
at
ed
on
m
v
el
in
an
d
tr
ea
te
d
w
ith
0.
00
25
ig
/m
1,
0.
02
5
ig
/m
1,
an
d
0.
25
.
tg
/m
l o
fC
3-
05
, t
he
re
w
as
a
dr
am
at
ic
re
du
ct
io
n
in
th
e
le
ve
ls
o
f a
ct
iv
e
Rh
o.
Tr
ea
tm
en
t w
ith
C3
-0
5
de
cr
ea
se
d
th
e
ar
n
o
u
n
t
o
f a
ct
iv
e
Rh
o
be
lo
w
le
ve
ls
o
bs
er
ve
d
fro
m
PC
-1
2
ce
lis
pl
at
ed
o
n
gr
ow
th
pr
om
ot
in
g
po
ly
-1
-
ly
sin
e
su
bs
tra
te
s
(Fi
g.
SA
).
To
de
te
rm
in
e
th
e
du
ra
tio
n
o
fth
is
C3
-0
5
in
du
ce
d
R
ho
in
ac
tiv
at
io
n,
PC
-1
2
ce
ils
pl
at
ed
on
gr
ow
th
in
hi
bi
to
ry
su
bs
tra
te
sw
er
e
in
cu
ba
te
d
w
ith
C3
-0
5
an
d
ly
se
d
at
di
ffe
re
nt
tjm
e p
oi
nt
s
af
ie
r t
he
ad
di
tio
n
o
fC
3-
05
.R
ho
ac
tiv
at
io
n
w
as
co
m
pl
et
el
y
re
v
er
se
d
at
0
02
5
g/
m
1
an
d
0
25
g/
m
1
af
ie
r 2
4
ho
ur
s
A
t a
il
co
n
ce
n
tr
at
io
ns
te
st
ed
, t
he
ab
ili
ty
o
f C
3-
05
to
in
ac
tiv
at
e
Rh
o
pe
ak
ed
at
24
ho
ur
s.
Rh
o
in
ac
tiv
at
io
n
be
ga
n
to
di
m
in
ish
af
te
r 3
6
ho
ur
s
w
ith
th
e
co
m
pl
et
e
ac
tiv
at
io
n
o
f R
ho
re
ga
in
ed
in
ce
ils
tr
ea
te
d
w
ith
0.
00
25
jig
/m
la
t 4
$
ho
ur
s
(Fi
g.
$3
).
Ce
lis
tr
ea
te
d
w
ith
ail
th
re
e
co
n
ce
n
tr
at
io
ns
m
ai
nt
ai
ne
d
th
ei
r d
iff
er
en
tia
tjo
n s
ta
te
fo
r a
t l
ea
st
48
ho
ur
s
af
le
rt
re
at
m
en
t (
da
ta
n
o
t
sh
ow
n).
Th
es
e
1H
0.
00
25
g/
m
l,
0.
02
5
g/
m
l
an
d
0.
25
tg
!m
l
fo
r 2
4
ho
ur
s
de
cr
ea
se
d
R
ho
ac
tiv
at
io
n
(Fi
g.
8C
-
D
).
Th
es
e
re
su
its
co
n
fir
rn
th
at
C3
-0
5
in
ac
tiv
at
ed
Rh
o
in
fib
ro
bl
as
ts.
To
fu
rth
er
su
pp
or
t t
he
ab
ili
ty
o
f C
3-
lik
e
ch
im
en
c
pr
ot
ei
ns
to
pr
om
ot
e
n
eu
rit
e
o
u
tg
ro
w
th
o
n
in
hi
bi
to
iy
su
bs
tra
te
s,
w
e
ex
am
in
ed
th
e
re
sp
on
se
o
fp
rir
na
ry
cu
ltu
re
s
pÏa
ted
on
in
hi
bi
to
ry
su
bs
tra
te
s t
o
C3
-0
5
tr
ea
tm
en
t.
Pu
rif
ie
d
re
tin
al
ga
ng
lio
n
ce
ils
(R
GC
s)
w
er
e
pl
at
ed
on
rn
ye
lin
, o
r
CS
PG
su
bs
tra
te
s
an
d
tr
ea
te
d
w
ith
v
ar
yi
ng
co
n
ce
n
tr
at
io
ns
o
fC
3-
05
fo
r 2
4
ho
ur
s.
D
ur
in
g
th
e
R
G
C
di
ss
ec
tio
n
gr
ea
t c
ar
e
w
as
ta
ke
n
in
o
rd
er
to
tr
y
to
lim
it
th
e
am
o
u
n
t
o
f
m
ec
ha
ni
ca
l m
an
ip
ul
at
io
n
o
ft
he
ce
lis
, h
ow
ev
er
, t
he
iso
la
tio
n
pr
ot
oc
ol
re
qu
ire
s
th
at
so
m
e
tr
itu
ra
tin
g
ta
ke
pl
ac
e
in
o
rd
er
to
di
ss
oc
ia
te
an
d
se
pa
ra
te
th
e
ce
ils
. W
he
n
R
G
C
s
ar
e
pl
at
ed
on
in
hi
bi
to
ry
su
bs
tra
te
s,
th
ey
m
ai
nt
ai
ne
d
a
si
m
ila
r r
o
u
n
d
ap
pe
ar
an
ce
to
PC
-1
2
ce
lis
pl
at
ed
on
m
ye
lin
. T
re
at
m
en
t o
f R
G
Cs
w
ith
C3
-0
5
pr
om
ot
ed
n
eu
rit
e
o
u
tg
ro
w
th
an
d
in
cr
ea
se
d
n
eu
rit
e
le
ng
th
o
n
bo
th
m
ye
lin
an
d
CS
PG
su
bs
tra
te
s
(Fi
g.
9A
-f
).
In
co
n
tr
as
t
to
th
e
w
id
e
ra
n
ge
o
f
co
n
ce
n
tr
at
io
ns
sh
ow
n
to
5e
ef
fe
ct
iv
e
in
ex
pe
rim
en
ts
w
ith
PC
-1
2
ce
lis
, a
n
ar
ro
w
er
ra
n
ge
o
f
C3
-0
5,
0.
02
5
ig
!m
l
to
50
ig
/rn
l,
pr
om
ot
ed
n
eu
rit
e
o
u
tg
ro
w
th
an
d
in
cr
ea
se
d
n
eu
rit
e
le
ng
th
on
m
ye
lin
(Fi
g.
9A
-D
).
In
th
e
ca
se
o
fR
G
C
s
pl
at
ed
on
CS
PG
ef
fe
ct
iv
e
co
n
ce
n
tr
at
io
n
ra
n
ge
s
o
f 0
.0
02
5
ig
/m
l t
o
50
ig
/m
lw
er
e
o
bs
er
ve
d
(Fi
g.
9A
,B
, E
,F
).
if
w
hi
ch
m
u
st
be
sc
ra
pe
lo
ad
ed
, w
e
su
gg
es
t t
ha
t t
he
ab
ili
ty
o
ft
he
se
n
ew
C3
-li
ke
pr
ot
ei
ns
to
pr
om
ot
e
n
eu
rit
e
o
u
tg
ro
w
th
at
su
ch
lo
w
co
n
ce
n
tr
at
io
ns
is
du
e
to
th
ei
r i
nc
re
as
ed
ce
llu
la
r
pe
rm
ea
bl
lit
y.
Th
e
di
ffe
re
nc
es
o
bs
ei
w
ed
in
pr
om
ot
in
g
n
eu
rit
e
o
u
tg
ro
w
th
be
tx
ve
en
th
e
fiv
e
C3
-li
ke
ch
im
er
ic
pr
ot
ei
ns
m
ig
ht
re
su
it
fro
m
th
e
di
ffe
re
nt
m
et
ho
ds
u
se
d
by
th
e
v
ar
io
us
tr
an
sm
em
br
an
e
ca
rr
ie
r p
ep
tid
es
to
en
te
r
ce
ils
.
W
e
te
st
ed
tw
o
di
ffe
re
nt
tr
an
sp
or
t s
eq
ue
nc
es
de
riv
ed
fro
m
th
e
Ta
tp
ro
te
in
o
ft
he
hu
m
an
im
m
un
od
ef
ic
ie
nc
y
v
iru
s
(H
W
).
Th
is
pr
ot
ei
n
lia
s
be
en
re
po
rte
d
to
en
te
r
ce
ils
, c
ar
ry
pr
ot
ei
n
ca
rg
o
in
to
ce
ils
, a
n
d
ev
en
cr
o
ss
bl
oo
d
br
ai
n
ba
rri
er
(13
).
Th
e
m
ec
ha
ni
sm
w
he
re
by
Ta
t t
ra
ns
po
rts
ca
rg
o
ac
ro
ss
th
e
pl
as
m
a
m
em
br
an
e
is
st
ili
n
o
t
co
m
pl
et
el
y
u
n
de
rs
to
od
. T
at
in
te
m
al
iz
at
io
n
is
flo
t d
ec
re
as
ed
at
4
°
C,
o
r
in
th
e
pr
es
en
ce
o
fe
nd
oc
yt
os
is
in
hi
bi
to
rs
(14
).
Th
er
e
is
u
n
ce
rt
ai
nt
y,
ho
w
ev
er
, w
he
th
er
its
u
pt
ak
e
is
re
ce
pt
or
m
ed
ia
te
d
be
ca
us
e
Ta
t b
in
ds
to
sp
ec
ifi
c
ce
fl
m
em
br
an
e
pr
ot
ei
ns
(28
).
W
e
fo
un
d
th
at
C3
-0
3,
th
e
lo
ng
er
Ta
t p
ep
tid
e
se
qu
en
ce
, w
as
m
o
re
ef
fic
ie
nt
at
pr
om
ot
in
g
n
eu
rit
e
o
u
tg
ro
w
th
th
en
C3
-0
2,
th
e
sh
or
te
r T
at
pe
pt
id
e.
H
ow
ev
er
, t
he
lo
ng
er
se
qu
en
ce
m
ay
ha
ve
so
m
e
ce
llu
la
r t
ox
ic
ity
(14
),
a
fin
di
ng
co
n
sis
te
nt
w
ith
th
e
de
cr
ea
se
d
ab
ili
ty
to
pr
om
ot
e
n
eu
rit
e
gr
ow
th
at
hi
gh
co
n
ce
n
tr
at
io
ns
(Fi
g.
3).
I
tr
an
sio
ca
tin
g
ab
ili
ty
w
he
n
th
ey
bi
nd
to
do
ub
le
st
ra
nd
ed
D
N
A
(30
).
W
e
fo
un
d
th
at
C3
-0
4
co
n
ta
in
in
g
th
e
A
nt
p
se
qu
en
ce
w
as
an
ef
fe
ct
iv
e
ca
rr
ie
r,
bu
t o
n
iy
w
ith
in
a
n
ar
ro
w
co
n
ce
n
tr
at
io
n
ra
n
ge
(f
ig
. 3
).
Pr
ol
in
e-
ric
h
pe
pt
id
es
ca
n
al
so
ac
t
as
re
ce
pt
or
in
de
pe
nd
en
t d
el
iv
er
y
pe
pf
ld
es
.
fu
so
ge
ni
c
pe
pt
id
es
co
n
ta
in
bo
th
hy
dr
op
ho
bi
c
an
d
hy
dr
op
hi
lic
am
in
o
ac
id
s,
w
hi
ch
fo
rm
am
ph
ip
hi
lic
a-
he
lic
al
st
ru
ct
ur
es
.
A
cr
iti
ca
l c
o
m
po
ne
nt
o
fth
es
e
pr
ot
ei
ns
ar
e
pr
ol
in
e
re
si
du
es
(19
, 2
3).
St
ud
ie
s
w
he
re
si
te
-d
ire
ct
ed
m
u
ta
tio
n
ch
an
gi
ng
sin
gl
e
pr
ol
in
e
re
sid
ue
s
o
ft
he
P
H
30
Œ
fu
so
ge
ni
c
pr
ot
ei
n,
ac
tiv
e
in
sp
er
m
-e
gg
fu
sio
n,
sh
ow
s
th
at
pr
ol
in
es
ar
e
cr
iti
ca
l f
or
th
e
fu
so
ge
ni
c
ac
tiv
ity
(23
, 3
1).
Th
e
m
em
br
an
e
tr
an
sio
ca
tin
g
se
qu
en
ce
(M
TS
)o
fK
ap
os
i
fib
ro
bl
as
tg
ro
w
th
fa
ct
or
, a
kn
ow
n
tr
an
sp
or
tp
ep
tid
e,
co
n
ta
in
s
3
pr
ol
in
e
re
sid
ue
s
sp
ac
ed
5
to
7
am
in
o
ac
id
s
ap
ar
t (
21
).
Th
e
sp
ac
in
g
o
fp
ro
lin
es
in
th
is
M
TS
pe
pt
id
e
ar
e
sim
ila
r t
o
th
at
in
C3
-0
5,
w
hi
ch
al
so
po
ss
es
se
s
3
pr
ol
in
es
sp
ac
ed
6
to
$ a
m
in
o
ac
id
s
ap
ar
t.
fu
rth
er
m
or
e,
th
es
e
pr
ol
in
e
re
sid
ue
s
m
ay
ex
pl
ai
n
w
hy
C3
-0
5
w
as
th
e
m
o
st
ef
fe
ct
iv
e
C3
-li
ke
ch
im
er
ic
pr
ot
ei
n
te
st
ed
. W
he
n
pr
ol
in
e
re
si
du
es
w
er
e
ad
de
d
to
M
tp
tr
an
si
oc
at
in
g
se
qu
en
ce
s,
t
p
an
d
its
ca
rg
o
w
er
e
o
n
ly
pr
es
en
t i
n
th
e
cy
to
pl
as
m
an
d
flo
t i
n
th
e
n
u
cl
eu
s
(32
).
Th
e
po
ss
ib
ili
ty
th
at
41
pr
oï
m
e
re
sid
ue
s
m
ay
re
st
nc
t
th
e
m
em
br
an
e
tr
an
sl
oc
at
m
g
pe
pt
id
es
an
d
th
ei
rc
ar
go
to
th
e
tr
an
sp
or
t s
eq
ue
nc
e
th
an
ei
th
er
Ta
t,
o
r
A
nt
en
na
pe
di
a.
C3
-0
6
co
n
ta
in
s
th
re
e
ar
gi
ni
ne
re
sid
ue
s
at
th
e
am
in
o
en
d
o
ft
he
pe
pt
id
e
en
d,
co
m
pa
re
d
to
th
e
Ta
tt
ra
ns
io
ca
tio
n
pe
pt
id
e
u
se
d
in
C3
-
02
, w
hi
ch
co
n
ta
in
s
o
n
e
ar
gi
ni
ne
, a
nd
tw
o
ly
sin
e
re
sid
ue
s
at
th
e
am
in
o
te
rm
in
al
.T
he
in
cr
ea
se
d
ab
ili
ty
o
f C
3-
06
to
pe
ne
tra
te
PC
-1
2
ce
lis
an
d
pr
om
ot
e
n
eu
rit
e
o
u
tg
ro
w
th
su
gg
es
ts
th
at
N
-te
rm
in
al
re
sid
ue
s
ar
e
im
po
rta
nt
fo
r c
el
lu
la
ru
pt
ak
e.
Fu
rth
er
m
or
e,
ar
gi
ni
ne
re
sid
ue
s
ar
e
m
o
re
ef
fe
ct
iv
e
th
en
ly
sin
e
re
sid
ue
s
in
in
du
ci
ng
cd
llu
la
r u
pt
ak
e
(20
).
N
eu
rit
e
o
u
tg
ro
w
th
an
d
n
eu
rit
e
le
ng
th
pr
of
ile
s
o
fP
C
-1
2
ce
ils
tr
ea
te
d
w
ith
C3
-0
2
an
d
to
a
le
ss
er
de
gr
ee
C3
-0
3
an
d
C3
-0
4
ha
d
a
n
o
rm
al
di
str
ib
ut
io
n,
(F
ig.
3)
sh
ow
in
g
in
cr
ea
se
d
n
eu
rit
e
o
u
tg
ro
w
th
w
he
n
ce
ils
w
er
e
tr
ea
te
d
w
ith
lo
w
to
m
o
de
ra
te
co
n
ce
n
tr
at
io
ns
,b
ut
n
o
t
w
ith
hi
gh
co
n
ce
n
tr
at
io
ns
. H
ig
h
co
n
ce
n
tr
at
io
ns
o
f C
3-
02
,C
3-
03
an
d
C3
-0
4
m
ay
ha
ve
to
xi
c
ef
fe
ct
s
on
PC
-1
2
ce
ils
. P
re
vi
ou
sly
, t
w
o
o
th
er
pe
rm
ea
bl
e
C3
fu
sio
n
pr
ot
ei
ns
ha
ve
be
en
pr
od
uc
ed
,o
n
e
w
ith
D
ip
ht
he
ria
-to
xi
n
B
su
bu
ni
t,
ca
ile
d
D
C3
B
(9)
an
d
an
o
th
er
th
at
is
a
C2
to
xi
n-
C3
fu
sio
n
pr
ot
ei
n,
ca
lle
d
C2
IN
-C
3
(10
).
O
ur
th
re
e
m
o
st
ef
fe
ct
iv
e
C3
-li
ke
ch
im
er
ic
pr
ot
ei
ns
, C
3-
03
, C
3-
05
,a
n
d
C3
-0
6
ail
w
o
rk
ed
at
a
m
u
ch
lo
w
er
do
se
th
an
D
C3
B
(0.
6
ig
/m
l)
(9)
an
d
C2
IN
-C
2
(0.
2-0
.3
jig
/m
l)
(10
),
be
in
g
ef
fe
ct
iv
e
at
0.
00
25
jig
/m
l.
Th
e
lo
w
er
ef
fe
ct
iv
e
do
se
o
fo
ur
C3
-li
ke
pr
ot
ei
ns
m
ig
ht
be
be
ca
us
e
th
ey
en
te
r
ce
ils
by
re
c
e
pt
or
1:
W
he
n
n
eu
ro
n
al
ce
lis
ar
e
pl
at
ed
o
n
m
ye
lin
th
ey
be
co
m
e
ro
u
n
d
an
d
do
flo
tg
ro
w
n
eu
rit
es
(7)
.P
re
vi
ou
sly
, w
e
ha
ve
su
gg
es
te
d
th
at
m
ye
lin
-d
er
iv
ed
gr
ow
th
in
hi
bi
to
ry
pr
ot
ei
ns
di
re
ct
ly
ac
tiv
at
e
Rh
o
(33
).
H
er
e
w
e
de
m
on
str
at
e
th
e
fir
st
ev
id
en
ce
th
at
in
hi
bi
to
ry
su
bs
tra
te
s
ac
tiv
at
e
Rh
o.
G
TP
-b
ou
nd
R
ho
as
sa
ys
sh
ow
ed
th
at
m
ye
lin
al
on
e
ac
tiv
at
ed
R
ho
w
he
n
co
m
pa
re
d
to
ce
lis
pl
at
ed
o
n
po
Ïy-
1-l
ys
ine
su
bs
tra
te
s
(Fi
g.
7).
Ce
ils
pl
at
ed
o
n
m
ye
hn
sh
ow
ed
a
4
to
5-
fo
Ïd
in
cr
ea
se
in
ce
llu
la
r a
ct
iv
e
R
ho
co
m
pa
re
d
to
ce
ils
pl
at
ed
o
n
po
ly
-l-
ly
si
ne
(Fi
g.
7).
Tr
ea
tm
en
t w
ith
C3
-li
ke
ch
im
er
ic
pr
ot
ei
ns
flo
to
n
ly
re
v
er
se
d
th
e
m
ye
lin
in
du
ce
d
Rh
o
ac
tiv
at
io
n,
bu
t s
u
st
ai
ne
d
th
is
de
cr
ea
se
fo
r 3
6
to
48
ho
ur
s.
Fo
ra
il
3
co
n
ce
n
tr
at
io
ns
te
st
ed
,
pe
ak
Rh
o
in
ac
tiv
at
io
n
ap
pe
ar
ed
24
ho
ur
s
af
te
r t
re
at
m
en
t,
an
d
th
en
be
ga
n
to
de
cr
ea
se
.
Po
ss
ib
iy
, t
he
de
cr
ea
se
o
cc
u
rr
ed
be
ca
us
e
th
e
C3
-li
ke
ch
im
er
ic
pr
ot
ei
ns
w
er
e
n
o
lo
ng
er
ac
tiv
e,
o
r
ha
d
ail
be
en
ta
ke
n
u
p.
W
e
di
d
flo
t t
es
t w
he
th
er
th
e
ad
di
tio
n
o
fm
o
re
C3
-0
5
to
th
e
cu
ltu
re
m
ed
ia
co
u
ld
su
st
ai
n
Rh
o
in
ac
tiv
at
io
n
fo
r l
on
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S.
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at
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W
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pr
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l c
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gh
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ra
y
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n
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te
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e
pe
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f c
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ex
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n
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ng
er
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e
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Th
e
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e
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u
n
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e
sh
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r f
ou
r o
r
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re
ex
pe
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en
ts
ea
ch
pe
rfo
rm
ed
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at
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Er
ro
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re
pr
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S.
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M
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ro
gr
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sh
ow
in
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CG
N
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te
d
w
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N
EP
1-
40
o
r
C3
-0
7.
PL
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an
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ye
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n
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s
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e
le
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u
n
tr
ea
te
d.
(c)
Th
e
le
ng
th
o
ft
he
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eu
rit
e
pe
r c
cl
i (
ne
uri
te
le
ng
th
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Th
e
av
er
ag
e
co
u
n
ts
ar
e
sh
ow
n
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r f
ou
r o
r
m
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re
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pe
rim
en
ts
ea
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pe
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ed
in
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pl
ic
at
e.
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re
pr
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en
t
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e
S.
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M
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st
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, s
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).
Fi
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5
N
gR
an
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R
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t c
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i d
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/m
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N
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Œ
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n
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st
su
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tra
te
s.
Th
e
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e
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e
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iv
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-
.
n
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.
-
ex
pe
rim
en
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pe
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rm
ed
in
du
pl
ic
at
e
±
S.
E.
M
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Pu
ll
do
w
n
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TP
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ou
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o
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N
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ea
te
d
w
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, M
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, o
r
lef
iu
n
tr
ea
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d
(C
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) a
n
d
pl
at
ed
o
n
m
ye
lin
. G
TP
-R
ho
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p)
an
d
to
ta
l R
ho
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tto
m)
w
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de
te
ct
ed
by
W
es
te
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w
ith
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R
ho
A
an
tib
od
y.
j I
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in
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rd
in
jur
y
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m
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I c
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n
eu
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lo
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ca
l i
m
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en
t r
es
u
lti
ng
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se
n
so
ry
an
d
m
o
to
r
fu
nc
tio
n
de
fic
its
di
sta
l t
o
th
e
le
ve
l o
fin
jur
y.
A
t p
re
se
nt
,t
he
re
ar
e
o
v
er
30
0,
00
0
pe
op
le
in
N
or
th
A
m
er
ic
a
liv
in
g
w
ith
a
SC
I,
an
d
w
ith
an
es
tim
at
ed
11
, 0
00
n
ew
ca
se
s
re
po
rte
d
ea
ch
ye
ar
th
is
n
u
m
be
r w
ill
co
n
tin
ue
to
in
cr
ea
se
(T
he
Ca
na
di
an
Pa
ra
pl
eg
ic
A
ss
oc
ia
tio
n).
I
$ta
tis
tic
all
y,
th
e
m
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rit
y o
f s
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na
l c
o
rd
in
jur
ies
o
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u
r
in
m
al
es
(81
%)
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ee
n
th
e
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o
f
15
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34
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%)
.C
au
se
s
o
f t
he
se
in
jur
ies
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cl
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e
v
eh
ic
ul
ar
ac
ci
de
nt
s,
fa
lis
, s
po
rts
re
la
te
d
in
jur
ies
an
d
v
io
le
nt
tr
au
m
a
(eg
. g
un
sh
ot
w
o
u
n
ds
) (
Th
e C
an
ad
ia
n
Pa
ra
pl
eg
ic
A
ss
oc
ia
tio
n).
Th
e
su
dd
en
ph
ys
ic
al
an
d
ps
yc
ho
lo
gi
ca
l e
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s t
ha
t a
SC
Ii
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lic
ts
o
n
an
in
di
vi
du
al
an
d
th
ei
r
fa
m
ily
ar
e
in
ca
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ul
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le
. M
or
eo
ve
r,
th
e
so
ci
et
al
co
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o
f c
ar
in
g
fo
r i
nd
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ua
ls
w
ith
SC
I (
i.e
.
m
ed
ic
al
, s
u
rg
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al
, r
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ab
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ta
tiv
e
ca
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,
e
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) e
x
ce
ed
s
7
bi
lli
on
do
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rs
pe
r y
ea
r i
n
th
e
U
ni
te
d
St
at
es
al
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e
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uls
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os
ch
, 2
00
2;
K
w
on
et
al.
, 2
00
2).
SC
I i
s
an
u
n
m
et
m
ed
ic
al
n
ee
d.
Pr
es
en
tly
, t
he
re
ar
e
n
o
cl
in
ic
al
ly
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pr
ov
ed
tr
ea
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en
ts
th
at
pr
om
ot
e
SC
Ir
eg
en
er
at
io
n
an
d
re
st
or
e
n
er
v
e
fu
nc
tio
n.
Cu
rre
nt
ph
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m
al
og
ic
al
tr
ea
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en
ts
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cu
s
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du
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ng
th
e
se
v
er
ity
an
d
ex
te
nt
o
ft
he
v
ig
or
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s
in
fla
m
m
at
oi
y
re
sp
on
se
th
at
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w
s
th
e
in
iti
al
in
jur
y.
O
ne
ca
n
th
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ef
or
e
se
e
th
e
u
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t n
ee
d
fo
rt
he
de
ve
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om
en
to
f
th
e
n
eg
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iv
e
fa
ct
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s
pr
es
en
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th
e
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m
ag
ed
CN
S
en
v
iro
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en
t.
In
th
e
pa
th
ol
og
y
o
f
SC
I,
th
er
e
is
ev
id
en
ce
fo
r b
ot
h
pr
im
ar
y
an
d
se
co
n
da
ry
in
jur
y m
ec
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s.
Th
e
ef
fe
ct
s
fro
m
th
e
pr
im
ar
y
in
jur
y
ar
e
ca
u
se
d
by
th
e
in
iti
al
m
ec
ha
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ca
l t
ra
um
a,
su
ch
as
th
e
di
re
ct
co
n
tu
si
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o
r
co
m
pr
es
sio
n
o
ft
he
sp
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he
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e
se
co
n
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ry
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jur
y i
s
in
iti
at
ed
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se
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J
th
e
da
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e
ca
u
se
d
by
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e
pr
im
ar
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in
jur
y.
Th
e
se
co
n
da
ry
w
av
e
o
f i
nju
ry
be
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im
m
ed
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te
ly
af
te
r t
ra
um
a
an
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n
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ee
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po
st
in
jur
y(
Be
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et
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00
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B
ea
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e
et
al.
, 2
00
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;
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hw
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an
d
B
ar
th
ol
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,
19
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A
lth
ou
gh
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o
th
in
g
ca
n
5e
do
ne
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pr
ev
en
t t
he
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iti
al
tr
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m
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th
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e
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a
cr
u
ci
al
w
in
do
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o
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pp
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tu
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ty
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he
ra
pe
ut
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ea
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du
ce
s
e
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ea
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.
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fu
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er
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de
rs
ta
nd
th
e
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pl
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an
d
m
u
lti
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ur
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S
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at
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re
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ra
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r S
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c
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. S
ev
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Th
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at
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re
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ra
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r t
ra
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m
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r t
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ra
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re
ge
ne
ra
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d
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at
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ra
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f c
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s m
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r e
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at
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ra
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at
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; S
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et
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f S
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at
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re
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re
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’s
,R
am
ôn
y
Ca
jal
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m
en
te
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at
te
m
pt
o
fC
N
S
n
eu
ro
n
s
th
at
su
rv
iv
ed
tr
au
m
at
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at
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ra
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d
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re
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ra
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ra
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r e
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at
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l
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n,
co
u
ld
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at
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ra
m
m
e
o
f i
nju
red
CN
S
V
.
V
:
A
gu
id
an
ce
m
o
le
cu
le
s,
tis
su
e
gr
af
ts,
o
r
sy
nt
he
tic
br
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ra
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l d
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n
at
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ho
ds
th
at
di
sr
up
t t
he
cc
li
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e
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ra
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d
m
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r d
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r b
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i c
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at
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l p
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at
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ev
el
s
o
fc
A
M
P
4.
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5
Po
te
nt
ia
l
c
o
n
c
e
rn
s
a
ss
o
c
ia
te
d
w
ith
ta
rg
et
in
g
th
e
R
ho
sig
na
llï
ng
pa
th
w
ay
Ev
en
th
ou
gh
so
m
e
o
ft
he
ab
ov
e-
de
sc
rib
ed
re
su
its
ap
pe
ar
to
be
v
e
pr
om
is
in
g,
th
e
de
ve
lo
pm
en
to
f C
3-
05
an
al
og
s
an
d
R
ho
ki
na
se
in
hi
bi
to
rs
fo
rt
re
at
m
en
t
o
f S
CI
in
hu
m
an
s
sh
ou
ld
st
iil
pr
oc
ee
d
w
ith
ca
u
tio
n.
Tr
ea
tm
en
tw
ith
C3
-li
ke
pr
ot
ei
ns
re
su
its
in
th
e
sp
ec
ifi
c
in
ac
tiv
at
io
n
o
fR
ho
A
,-
B,
an
d
-
c
(B
rau
n e
t
al.
, 1
98
9;
Ch
ar
di
n
et
al
.,
19
89
;K
ik
uc
hi
et
al.
,
19
88
;N
ar
um
iy
a
et
al.
,
19
88
).
Th
e
ef
fe
ct
s
o
fR
ho
A
in
bo
th
n
eu
ro
n
al
an
d
n
o
n
-n
eu
ro
n
al
ce
ils
ar
e
w
el
lc
ha
ra
ct
er
iz
ed
. H
ow
ev
er
,t
he
sa
m
e
ca
n
n
o
tb
e
sa
id
fo
rR
ho
B
an
d
R
ho
C
an
d
th
e
in
di
sc
rim
in
at
e
in
ac
tiv
at
io
n
o
ft
he
se
pr
ot
ei
ns
m
ay
ha
ve
ad
ve
rs
e
ef
fe
ct
s.
Fu
rth
er
,R
ho
A
m
ed
ia
te
s
a
w
id
e
sp
ec
tru
m
o
fb
io
lo
gi
ca
lf
tin
ct
io
ns
, f
ro
m
cy
to
ki
ne
sis
an
d
gu
id
an
ce
, t
o
tr
an
sc
rip
tio
n
re
gu
la
tio
n
an
d
en
do
cy
to
sis
(H
all
, 1
99
$;
Sy
m
on
s
an
d
Se
tti
em
an
,2
00
0;
Ta
ka
i
e
t
a
L
20
01
1.
Th
er
ef
or
e
fi
or
n1
in
th
e
hn
c1
vw
th
P
hn
1
t2
c
n
n
c
tç
m
u
id
rp
uu
lt
n
n
r
\t
p
n
t1
h
,
1
4.
4
N
eu
ro
in
fl
am
m
at
io
n
a
ft
er
CN
S
in
jur
y
Th
e
hu
m
an
CN
S
ba
s
ev
o
lv
ed
to
po
ss
es
s
th
e
u
n
iq
ue
pr
op
er
ty
o
f‘
im
m
un
e
pr
iv
ile
ge
’
an
d
th
er
ef
or
e,
in
co
n
tr
as
t
to
o
th
er
pa
rts
o
fth
e
hu
m
an
bo
dy
, l
ac
ks
a
n
o
rm
al
im
m
un
e
fu
nc
tio
n
(H
au
sm
an
n,
20
03
).
Th
e
pr
es
en
ce
o
fth
e
bl
oo
d
br
ai
n
ba
rri
er
(B
BB
)(
Kn
ies
el
et
al.
,
19
96
;
Po
du
slo
et
al.
,
19
94
) a
n
d
th
e
ab
se
nc
e
o
f r
es
id
en
t a
n
tig
en
pr
es
en
tin
g
T-
ce
lls
co
n
tr
ib
ut
e
to
th
is
CN
S-
sp
ec
ifi
c
de
fic
it
in
lo
ca
l i
m
m
un
e
re
sp
on
se
($
ch
ne
ll
et
al.
,
19
99
a).
fo
llo
w
in
g
SC
I,
an
im
m
ed
ia
te
an
d
v
ig
or
ou
s
im
m
un
e
re
sp
on
se
, i
s
in
iti
at
ed
, c
ha
ra
ct
er
iz
ed
by
th
e
ac
tiv
at
io
n
o
f
re
sid
en
t C
N
S
m
ic
ro
gl
ia
, t
he
in
va
sio
n
o
fp
er
ip
he
ra
l i
nf
la
m
m
at
or
y
ce
lis
an
d
th
e
re
le
as
e
o
f
cy
to
ki
ne
s
an
d
ch
em
ok
in
es
. (
Du
sar
t a
n
d
Sc
hw
ab
,1
99
4;
Po
po
vi
ch
et
al.
, 1
99
7;
Sc
hn
el
l e
t a
l.,
19
99
b;
Zh
an
g
et
al.
,
19
97
).
A
lth
ou
gh
gr
ea
t p
ro
gr
es
s
ha
s
be
en
m
ad
e
in
ch
ar
ac
te
riz
in
g
th
is
in
fla
m
m
at
or
y
re
sp
on
se
af
te
r C
N
S
in
jur
y,
th
e
ex
ac
t r
o
le
pl
ay
ed
by
th
e
im
m
un
e
sy
st
em
in
pr
om
ot
in
g
re
pa
ir
an
d
re
ge
ne
ra
tio
n
af
te
r C
N
S
tr
au
m
a
lia
s
lo
ng
be
en
th
e
su
bje
ct
o
f
co
n
tr
ov
er
sy
. T
he
re
is
st
ro
ng
ev
id
en
ce
fo
r b
ot
h
a
be
ne
fic
ia
l a
n
d
de
tri
m
en
ta
l r
o
le
o
ftl
ie
im
m
un
e
sy
st
em
in
re
sp
on
se
to
in
jur
y,
su
gg
es
tin
g
a
du
al
n
at
ur
e
fo
r p
os
t-t
ra
um
at
ic
in
fla
m
m
at
io
n
(Jo
ne
s e
t
al
.,
20
04
; P
op
ov
ic
h,
20
00
; P
op
ov
ic
h
an
d
Jo
nc
s,
20
03
;S
ch
w
ar
tz
,
20
01
; S
ch
w
ar
tz
an
d
H
au
be
n,
20
02
).
ln
te
re
sti
ng
ly
, t
he
in
fla
m
m
at
or
y
re
sp
on
se
in
du
ce
d
by
tr
au
m
at
ic
br
ai
n
in
jur
y,
lia
sb
ee
n
de
m
on
str
at
ed
to
5e
ev
en
ie
ss
se
v
er
e
th
en
th
at
o
bs
ew
ed
af
ie
rS
CI
(S
ch
ne
1
et
al.
,1
99
9b
).
Th
er
ef
or
e
sc
ie
nt
ist
s
ha
ve
at
te
m
pt
ed
to
ex
pe
rim
en
ta
lly
in
cr
ea
se
th
e
en
do
ge
no
us
im
m
un
e
re
sp
on
se
in
th
e
CN
S
af
te
ri
nju
ry.
Fo
llo
w
in
g
th
is
st
ra
te
gy
th
e
Sc
hw
ar
tz
la
bo
ra
to
ry
ha
s
de
ve
lo
pe
dp
ro
m
is
in
g
n
ew
n
eu
ro
pr
ot
ec
tiv
e
(H
au
be
n
et
al.
,2
00
0;
H
au
be
n
et
al
.,
20
01
;Y
ol
es
et
al.
, 2
00
1)
an
d
re
ge
ne
ra
tiv
e
th
er
ap
ie
s
(R
ap
ali
no
et
al.
,
19
98
)u
si
ng
au
to
im
m
un
e
T-
ce
lls
an
d
ac
tiv
at
ed
m
ac
ro
ph
ag
es
,r
es
pe
ct
iv
el
y.
Th
e
in
jec
tio
no
fT
-c
el
ls
th
at
re
co
gn
iz
e
m
ye
lin
as
so
ci
at
e
se
if-
an
tig
en
s
(i.e
.a
u
to
im
rn
un
e
T-
ce
lls
)a
fte
rS
CI
in
cr
ea
se
s
n
eu
ro
n
al
su
rv
iv
al
(H
au
be
n
et
al.
,2
00
0;
H
au
be
n
et
al
.,
20
01
;Y
ol
es
et
al.
,2
00
1).
Fu
rth
er
,t
he
tr
an
sp
la
nt
at
io
n
o
fa
ct
iv
at
ed
pe
rip
he
ra
lb
lo
od
m
ac
ro
ph
ag
es
in
to
th
e
le
sio
n
sit
e
en
ha
nc
es
m
ye
lin
cl
ea
ra
nc
e,
m
ak
in
g
th
e
CN
S
en
v
iro
nm
en
tm
o
re
pe
rm
is
si
ve
to
gr
ow
th
(R
ap
ali
no
et
al
.,
19
98
).
To
ta
rg
et
th
e
hu
m
or
al
br
an
ch
o
ft
he
im
m
un
e
sy
ste
m
,H
ua
ng
et
aÏ.
(19
99
)d
ev
el
op
ed
a
th
er
ap
eu
tic
v
ac
ci
ne
, i
n
w
hi
ch
th
e
im
m
un
e
sy
ste
m
o
fa
du
it
m
ic
e
w
as
st
im
ul
at
ed
to
pr
od
uc
e
an
tib
od
ie
s
ag
ai
ns
t m
ye
iin
.T
he
pr
od
uc
tio
n
o
fs
u
ch
an
tib
od
ie
s
pr
io
rt
o
SC
Ir
es
u
its
in
si
gn
ifi
ca
nt
ly
in
cr
ea
se
d
ax
o
n
al
re
ge
ne
ra
tio
n
co
m
pa
re
d
to
co
n
tr
ol
an
im
ai
s
(H
ua
ng
et
al
.,
19
99
).
A
sim
ila
r
v
ac
ci
ne
w
as
al
so
ef
fe
ct
iv
e
in
pr
om
ot
in
g
R
G
C
re
ge
ne
ra
tio
n
in
th
e
ad
ui
to
pt
ic
n
er
v
e;
19
87
).
N
eu
tro
ph
ul
s
ar
e
th
e
fir
st
gr
ou
p
o
f i
nf
la
m
m
at
or
y
ce
lis
to
in
fil
tra
te
th
e
CN
S
af
ie
r
in
jur
y.
Th
ey
ar
e
de
te
ct
ed
at
th
e
le
sio
n
sit
e
as
ea
rly
as
3
ho
ur
s
po
st
in
jur
ya
n
d
re
m
ai
n
pr
es
en
t,
at
el
ev
at
ed
le
ve
ls,
fo
rs
ev
er
al
da
ys
(C
an
so
n
et
al.
,
19
98
).
Th
e
pr
im
ar
y
fu
nc
tio
n
o
f
n
eu
tr
op
hi
ls
is
to
re
m
o
v
e
tis
su
e
de
br
is.
H
ow
ev
er
,t
he
se
ce
ils
al
so
re
le
as
e
po
te
nt
ia
lly
da
m
ag
in
g
pr
ot
ea
se
s
an
d
re
ac
tiv
e
o
x
yg
en
sp
ec
ie
s
an
d
th
er
ef
or
e
ha
ve
al
so
be
en
im
pl
ic
at
ed
in
se
co
n
da
ry
in
jur
y c
el
i d
am
ag
e
(H
au
sm
an
n,
20
03
).
U
nd
er
n
o
rm
al
ph
ys
io
lo
gi
ca
l,
co
n
di
tio
ns
m
ic
ro
gl
ia
ar
e
pr
es
en
t i
n
th
e
CN
S
in
a
do
rm
an
ts
ta
te
(S
ch
ne
ll
et
al
.,
19
99
a).
A
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rS
CI
,m
ic
ro
gl
ia
ar
e
‘
ac
tiv
at
ed
’,
re
su
lti
ng
in
in
cr
ea
se
d
pr
ol
ife
ra
tio
n,
ch
an
ge
s
in
rn
o
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ho
lo
gy
an
d
al
te
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d
ex
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es
sio
n
o
f c
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u
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ot
ei
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et
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an
d
Ja
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, 1
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9).
Th
e
n
u
m
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f a
ct
iv
at
ed
m
ic
ro
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in
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s
du
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g
th
e
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se
v
en
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jur
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n
d
re
m
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n
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en
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t t
he
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sio
n
sit
e
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r
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v
er
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. A
lo
ng
w
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an
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he
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at
ed
m
ic
ro
gl
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e
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sp
on
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r c
le
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de
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m
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e
in
jur
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ite
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et
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Sc
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l
et
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,
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n
d
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er
,
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A
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gh
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at
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an
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at
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H
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r C
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e
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N
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m
bi
na
tio
n
w
ith
th
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fla
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at
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l d
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d
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f d
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o
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at
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c
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in
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e
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s
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l d
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d
an
d
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to
in
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e
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e
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in
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m
m
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y
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to
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su
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s
TN
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Œ
an
d
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leu
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3 a
n
d
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an
d
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t,
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m
m
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et
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.,
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di
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n
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, m
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-d
en
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d
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in
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bi
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ry
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ot
ei
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w
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in
jec
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in
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e
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n
an
d
w
e
w
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ex
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in
e
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o
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-d
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e
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s
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en
in
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g
a
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o
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de
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ra
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G
en
et
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m
u
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ns
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m
e
o
fth
e
st
ro
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t i
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at
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o
fR
ho
’s
in
vo
lv
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en
t i
n
n
eu
ro
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ra
tiv
e
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e
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m
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ud
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g
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l
n
eu
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l d
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rd
er
ch
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te
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ed
by
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e
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e
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ra
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n
o
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n
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n
s.
R
ec
en
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, t
w
o
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ps
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en
tly
de
m
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o
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n
m
u
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tio
ns
in
th
e
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o
G
EF
, a
re
pr
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en
t i
n
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m
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s
o
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an
d
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A
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-d
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as
e
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es
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. d
eg
en
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io
n
o
f m
o
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r
n
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n
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i
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w
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on
o
f d
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an
t n
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e
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o
o
r
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an
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e
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o
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se
in
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s
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s
o
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l c
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m
o
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r
n
eu
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n
s
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ea
rly
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en
ts
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s.
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e
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su
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es
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t R
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in
vo
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e
su
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iv
al
o
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ot
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n
eu
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n
s
an
d
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e
im
pa
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en
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f R
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g
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w
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s
m
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y
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e
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n
o
f
n
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ra
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n.
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d
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n
o
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A
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d
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pr
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n
o
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C
ar
e
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n
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n
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ta
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o
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f
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.
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m
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2
Ex
ci
to
to
xi
ci
ty
Re
ce
nt
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, t
he
re
ha
s
be
en
in
cr
ea
sin
g
ev
id
en
ce
su
gg
es
tin
g
a
po
ss
ib
le
ro
le
o
fg
lu
ta
m
at
e
m
ed
ia
te
d
ex
ci
to
to
xi
ci
ty
in
th
e
pa
th
ol
og
y
o
f c
hr
on
ic
n
eu
ro
de
ge
ne
ra
tiv
e
di
se
as
es
, s
u
ch
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A
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(R
ao
, 2
00
4;
C
lu
sk
ey
, 2
00
1;
D
ob
le
,
19
99
),
H
D
(D
ob
le,
19
99
),
M
$
(D
ob
le,
19
99
;
M
at
ut
e
et
al.
, 2
00
1;
Pi
tt
et
al.
, 2
00
0),
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(D
ob
le,
19
99
;P
la
ita
ki
s
an
d
Sh
as
hi
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ar
an
,2
00
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an
d
A
D
(D
an
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z a
n
d
Pa
rs
on
s,
20
03
; L
ue
et
al.
,2
00
1;
Pe
rr
y
et
al.
,2
00
1;
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ad
ros
et
al.
,
20
03
).
G
lu
ta
m
at
e
is
an
im
po
rta
nt
ex
ci
ta
to
ry
n
eu
ro
tr
an
sm
itt
er
in
th
e
m
am
m
al
ia
n
CN
S
th
at
ca
n
be
n
eu
ro
to
xi
c
at
hi
gh
le
ve
ls.
A
cc
or
di
ng
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, e
x
tr
ac
el
lu
la
r l
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ra
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at
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ra
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l c
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S.
E.
(19
93
).
A
ct
iv
at
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t p
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l C
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.
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ra
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et
ro
gr
ad
e
ac
tin
flo
w
. N
eu
ro
n
40
, 9
31
-9
44
.
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l c
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S.
,K
ei
rs
te
ad
, H
.,
St
ew
ar
d,
O.
,a
n
d
Te
ss
ie
r-
La
vi
gn
e,
M
.(
20
03
).
La
ck
o
fe
nh
an
ce
d
sp
in
al
re
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ra
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s.
Tr
en
ds
B
io
ch
em
Sc
i
26
, 7
24
-7
32
.
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at
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r t
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l C
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.,
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.,
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at
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o
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lin
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eu
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il
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es
pr
om
ot
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n
eu
rit
e
gr
ow
th
o
n
in
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bi
to
ry
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tra
te
s
an
d
re
ge
ne
ra
tio
n
o
f r
et
in
al
ga
ng
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n
ce
ll
ax
o
n
s
in
th
e
o
pt
ic
n
er
v
e
o
f
ad
ui
tr
at
s.
Jo
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ni
e
B
er
tra
nd
, M
at
th
ew
J.
W
in
to
n,
R
ob
er
t B
.C
am
pe
no
ta
n
d
Li
sa
M
cK
er
ra
ch
er
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an
us
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ip
ti
n
pr
ep
er
at
io
n
to
be
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itt
ed
to
th
e
Jo
ur
na
lo
f N
eu
ro
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ie
nc
e.
»
ln
ac
tiv
at
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n
o
f
R
ho
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al
in
g
in
n
e
u
ro
n
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l
c
e
il
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es
pr
om
ot
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e
u
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te
gr
ow
th
o
n
in
hi
bi
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ry
s
u
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tr
at
es
a
n
d
re
ge
ne
ra
tio
n
o
f
re
tin
al
ga
ng
lio
n
c
e
li
a
x
o
n
s
in
th
e
o
pt
ic
n
e
rv
e
o
f
a
du
lt
ra
ts
i
B
er
tra
nd
,j
a
W
in
to
n
M
.J.
a
Ca
m
pe
no
t,
R.
B.
b
M
cK
er
ra
ch
er
, L
.
‘
D
ép
ar
te
m
en
t d
e
Pa
th
ol
og
ie
et
bi
ol
og
ie
ce
llu
la
ire
,
U
ni
ve
rs
ité
de
M
on
tré
aÏ,
M
on
tré
al
Qu
éb
ec,
Ca
na
da
,
H
3T
b
D
ep
ar
tm
en
t o
fC
eit
Bi
ot
og
y,
U
ni
ve
rs
ity
o
fA
lb
er
ta
,E
dm
on
to
n,
A
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er
ta
, C
an
ad
a,
T6
G
2H
7
jç
1
I
,
-
.
1
r
M
at
ur
e
n
eu
ro
n
s
in
th
e
ce
n
tr
al
n
er
v
o
u
s
sy
ste
m
(C
NS
)f
ai
l
to
sp
on
ta
ne
ou
sly
re
gr
ow
th
ei
r
ax
o
n
s
fo
llo
w
in
g
in
jur
y.
Jn
hi
bi
to
ry
pr
ot
ei
ns
,
pr
es
en
t
in
CN
S
m
ye
lin
an
d
at
th
e
gu
ai
sc
ar
,
ar
e
pa
rtl
y
re
sp
on
si
bl
e
fo
r
th
is
la
ck
o
fr
eg
en
er
at
io
n
(re
vie
we
d
by
D
av
id
an
d
La
cr
oi
x
20
03
,(D
av
id
an
d
La
cr
oi
x,
20
03
)).
A
ct
iv
at
io
n
o
f
th
e
R
ho
G
TP
as
e
is
pa
rt
o
ft
he
sig
na
lin
g
pr
oc
es
s
o
ft
he
se
in
hi
bi
to
rs
,
an
d
Rh
o
ac
tiv
at
io
n
le
ad
s
to
gr
ow
th
co
n
e
co
lla
ps
e
an
d
gr
ow
th
in
hi
bi
tio
n
(Ja
lin
k e
t
al.
,
19
94
; l
in
an
d
$tr
itt
ma
tte
r,
19
97
;T
ig
yi
et
al
.,
19
96
b).
In
v
itr
o,
R
ho
in
ac
tiv
at
io
n
by
an
ta
go
ni
st
C3
-tr
an
sf
er
as
e
st
im
ul
at
es
n
eu
rit
e
gr
ow
th
o
n
in
hi
bi
to
ry
su
bs
tra
te
s
(B
ito
et
al.
,
20
00
;
D
er
gh
am
et
al
.,
20
02
;
Le
hm
an
n
et
al.
,
19
99
;
M
on
ni
er
et
aÏ.
, 2
00
3;
W
in
to
n
et
al.
,
20
02
).
B
ec
au
se
ce
li
bo
di
es
an
d
n
eu
rit
es
ar
e
eq
ua
lly
ex
po
se
d
to
th
e
C3
-c
on
ta
in
in
g
cu
ltu
re
m
ed
ia
,
it
is
n
o
t
kn
ow
n
w
he
th
er
C3
ac
ts
at
th
e
ce
il
bo
dy
o
r
at
th
e
n
eu
rit
es
to
ex
er
t
its
gr
ow
th
pr
om
ot
in
g
ef
fe
ct
. I
n
v
iv
o,
di
sta
nc
e
be
tw
ee
n
ce
li
bo
di
es
an
d
ax
o
n
s
o
fte
n
al
lo
w
s
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ca
liz
ed
tr
ea
tm
en
t
ap
pl
ic
at
io
n.
R
ho
an
ta
go
ni
sts
an
d
m
o
st
o
th
er
tr
ea
tm
en
ts
de
sig
ne
d
to
pr
or
no
te
re
ge
ne
ra
tio
n
by
bl
oc
ki
ng
th
e
ef
fe
ct
o
f
in
hi
bi
to
ry
pr
ot
ei
ns
ha
ve
be
en
u
se
d
ei
th
er
at
th
e
le
sio
n
sit
e
(D
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et
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.,
20
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;
fo
um
ie
r
et
al.
,
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;
G
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nd
Pr
e
et
al
.,
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;
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hm
an
n
et
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.,
19
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;W
ei
be
le
t
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.,
19
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)o
r
sy
st
em
ic
al
ly
(L
i
an
d
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rit
tm
at
te
r,
20
03
;
M
er
kl
er
et
al.
,2
00
1).
H
ow
ev
er
,
ce
ll
bo
di
es
ha
ve
be
en
th
e
pr
ef
er
re
d
To
de
te
rm
in
e
if
tr
ea
tm
en
t
o
f
th
e
ce
il
bo
di
es
w
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o
an
ta
go
ni
sts
ca
n
st
im
ul
at
e
n
eu
rit
e
gr
ow
th
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in
hi
bi
to
ry
su
bs
tra
te
s
an
d
pr
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ot
e
ax
o
n
al
re
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ne
ra
tio
n
in
v
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d
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w
e
u
se
d
Ca
m
pe
no
t
ch
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be
rs
an
d
th
e
o
pt
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n
er
v
e.
Ca
m
pe
no
t
ch
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be
rs
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e
a
cu
ltu
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ste
m
th
at
iso
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te
s
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eu
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il
bo
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an
d
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l
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n
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de
pe
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pa
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ts
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te
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at
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l
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.
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at
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d
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at
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at
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e
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at
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re
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ra
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t c
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at
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at
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at
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l c
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r
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l
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ra
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l
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at
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at
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at
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l
ax
o
n
co
m
pa
rte
m
en
ts
w
as
su
ffi
ci
en
tt
o
o
v
er
co
m
e
gr
ow
th
in
hi
bi
tio
n
by
m
ye
lin
as
so
ci
at
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e
M
A
G
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to
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m
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re
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at
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m
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ra
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A
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r
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y
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n
ax
o
n
s
ar
e
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g
th
e
sid
e
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l
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l
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at
io
n.
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ra
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ev
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re
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fro
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at
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th
at
in
th
e
ad
ul
t r
at
,
an
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at
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o
f
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e
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o
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o
pt
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v
e
le
si
on
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es
re
ge
ne
ra
tio
n
(L
eh
ma
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et
al.
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19
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e
o
pt
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n
er
v
e
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n
ta
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ly
th
e
ax
o
n
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o
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RG
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,w
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le
ce
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di
es
ar
e
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ca
te
d
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th
e
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tin
a,
u
p
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5
m
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fro
m
th
e
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pt
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,w
he
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th
e
o
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n
er
v
e
o
rig
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at
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. T
o
te
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if
tr
ea
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en
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o
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w
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an
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ed
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ra
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n
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tr
ea
te
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e
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jec
tio
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n
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e
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e.
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th
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o
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ax
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e
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n
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ed
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ro
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o
ft
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v
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n
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jec
tio
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ro
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re
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r o
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at
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at
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m
be
r o
f
lo
ng
er
ax
o
n
s
in
so
m
e
an
im
ai
s
(Fi
g.
3E
).
Fo
ur
w
ee
ks
af
le
r m
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at
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re
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ra
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r m
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n
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at
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w
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r r
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d
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at
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at
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ro
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t c
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at
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re
ge
ne
ra
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w
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ra
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th
e
v
itr
eo
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re
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ra
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os
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w
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d
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ro
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n
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ra
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ra
te
o
f
slo
w
ax
o
n
al
tr
an
sp
or
t
o
f t
ub
ul
in
an
d
n
eu
ro
fil
am
en
ts
is
ap
pr
ox
im
at
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ev
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at
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pa
ct
o
n
slo
w
ax
o
n
al
tr
an
sp
or
t
o
f t
ub
ul
in
an
d
n
eu
ro
fli
am
en
ts,
RG
C
pr
ot
ei
ns
w
er
e
la
be
le
d
by
in
tra
oc
ul
ar
in
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d
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in
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d
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v
e
se
gm
en
t
14
da
ys
af
te
r
la
be
lin
g
(F
ig.
7B
-1
).
H
ow
ev
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s
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v
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d
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d
an
im
ai
s
(fi
g.
73
-5
)
o
r
in
an
im
ai
s
th
at
re
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at
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Th
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pa
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w
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r
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W
e
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if
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er
v
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et
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et
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er
et
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et
al.
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00
2)
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d
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im
ul
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e
ax
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n
al
re
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ra
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er
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e
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et
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te
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er
u
n
de
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-b
as
ed
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e
re
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ra
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v
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re
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ra
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te
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at
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e
le
sio
n
sit
e
(B
err
y
et
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re
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ra
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et
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ra
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re
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ra
tiv
e
ef
fe
ct
o
n
R
G
Cs
(B
err
y
et
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d
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fé
re
nc
e).
H
ow
ev
er
,o
th
er
ex
pe
rim
en
ts
de
m
on
str
at
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at
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at
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at
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r
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.
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re
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ra
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at
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d
af
te
r
a
le
sio
n
sit
e
ap
pl
ic
at
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ro
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v
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at
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t r
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d
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at
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re
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ra
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at
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at
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at
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jec
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ro
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at
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tio
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Materials and methods
Surgical Procedures
Rats were anaesthetised under 2-3% isoflurane. for spinal cord injuiy, aduit female
Long-Evans rats (200-250 g) underwent laminectomy at thoracic level T10-T1 1 for SCI at
110. Control animais were sham operations with laminectomy oniy. Dorsal over
hemisections were done at a depth of 1.6 mm. For contusion experiments, the NYU
impactor device was used with 10 g at 25 mm. From 24 hours to 7 days afler SCI, animais
received an overdose of chlorai hydrate anaesthetic, were perftised with saline, and the
spinal cords removed. Approximateiy 5 mm surrounding the injured area was isolated and
frozen at —80 °C. Balb/c female mice (20-22 g) and p75 knockout mice (Lee et al., 1992)
(Jackson mice, stock number 002213, Bar Harbor, Maine) were anaesthetised with
hypnorm (20 mi/Kg) and diazepam (1 mg/Kg). Dorsal over-hemisections were performed
at T8; n=5 at 24h, n=5 at 3d. After perfusion with saline, 2-3 mm of spinal cord from the
lesion site was removed for analysis. After SCI, bladders of ail animais were expressed 2-3
times per day. Rats were given 5 ml of 0.9% saline subcutaneousiy twice a day for 1 week
and received daily subcutaneous injections ofbaytril (10 mg/Kg).
To treat rats with a Rho antagonist, 50 tg of C3-05 was injected in a fibrin matnx
(Tisseel kit, Baxter, Mississauga, canada) into transected spinal cord, as described
(Dergham et ai., 2002). In mice, 10 ig of C3-05 in fibrin was injected, except for the
experiment for TUNEL labeiing where 1 tg in fibrin was injected. C3-05 (50 tg) in
phosphate-buffered saline without fibrin was injected into rat contusion injury sites. Ail
animal procedures foliowed guideiines from the Canadian Council of Animal care.C
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Celi Culture
PC-12 ceils were grown in Dulbecco’s Modified Eagle Medium (DMEM) with 10%
horse serum (HS), 5% fetal bovine serum (FB$), 1% penicillin-streptomycin (PIS). PC-12
celis were grown on poly-L-lysine (0.1 Ig/mÏ) (Sigma, Oakville, Ontario, Canada) or
myelin (2 jig per well) or MAG (2 fig) coated 6 well culture dishes. After the celis settÏed
(3-6 hours at 3 7°C), the media was aspirated and ftesh media containing the C3-05 (1
jiglml) was added to the undifferentiated cultures. The ceils were harvested 24 hours later,
they were washed with ice cold Tris buffered saline (TBS) and lysed in modified RIPA
buffer (50 mM Tris pH 7.2, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500
mM NaCÏ, 10 mM MgC12, 10 gIml leupeptin, 10 1gIm1 aprotinin, 1 mM phenylmethyl
sulfonyl fluoride (PMSf)). Cd lysates were clarified by centrifugation at 13,000 g for 10
minutes at 4°C and kept at -80°C.
Pull down assays and immunoblofting
Purification of G$T-Rho Binding Domain (GST-RBD) was performed as
previously described (Ren and Schwartz, 2000). Bacteria expressing GST-RBD in a pGEX
vector (a gifi from John Couard, Division of Celi Biology, Netherlands Cancer Institute)
were grown in L-broth (LB) with 100 d/mI amplicillin. Ovemight cultures were diluted
1:10 into 3600 ml LB and incubated in a shaking bacterial incubator at 37°C for 2 hours.
Isopropyl--D-thiogaÏactopyranoside (0.5 mM) was then added to the incubating cultures
for 2 hours. Bacteria were collected by centrifugation at 5,000 g for 15 minutes. The pellets
were resuspended in 40 ml lysis buffer (50 mM Tris pH 7.5, 1% Triton-X, 150 mM NaCÏ,
5mM MgCl2. lmM DTT, 10 igIml leupeptin, 10 p.gIml aprotinin, 1 mM PMSF). After
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sonication, the lysates were spun at 14,000 rpm for 30 minutes at 4°C. The clarified
bacterial lysate was then incubated with glutathion agarose beads (0.6 ml wet volume;
preswelled with water) (Sigma, Oakvilie, Canada) for 60 minutes at 4°C. The coupled
beads were then washed 6 times in wash buffer (50 mM tris pH 7.5, 0.5% Triton X-100,
150 mM NaCI, 5 mM MgCI7, 1 mM DTT, I jig /ml aprotinin, 1 ig/m1 leupeptin and 0.1
mM PMSF) and once in wash buffer containing 10% glyceroL Beads were then
resuspended in 8 mis of the wash buffer containing 10% glycerol and stored overnight at -
80°C. Frozen tissue was homogenized in RIPA buffer (50 mM Tris pH 7.2, 1% Triton X-
100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM NaC1, 10 mM MgCI2, 10 ig/ml
leupeptin, 10 ig/ml aprotinin, 1 mM PMSF). The homogenates and ceil lysates were
clanfied by two 10 minute centrifugations at 13,000 g at 4 °C. They were then incubated
for 50 minutes at 4 °C with GST-RBD (a gift from John Couard, Division ofCell Biology,
Netheriands Cancer Institute) coupied beads (20-30 ig/sampie). The beads were then
washed 4 times and eiuted in sampie buffer. GTP- bound Rho and total Rho present in
tissue homogenates were detected by western blot. The proteins were transferred to
nitrocellulose and probed using a monoclonal RhoA antibody (Santa Cruz, Santa Cmz,
Cali fornia). Bands were visuaiized with peroxidase-linked secondary antibodies (Promega,
Madison, Wyoming) and an HRP based chemiiuminescence reaction (Pierce, Rockford,
Illinois). C3-05 was detected using a C3-specific polycional antibody (Winton et ai., 2002).
p75NTR
xvas detected with a polyclonai antibody raised against 75NTR (Promega, Madison,
Wyoming). for ail biots, 20 micrograms of protein was loaded into each iane. Biots were
scanned for densitometry using an Epson perfection 1200U scanner, transferred to Adobe
photoshop 6.0 and the images were the analysed with the densitometry IQ MAC 1.2
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software (Molecular Dynamics, Sunnyvale, Califomia). The sofiware measures the pixel
density in the hand image afier background subtraction, and the densitometry value is in
arbitrary units. Statistical tests were performed using In Stat (Graph Pad, San Diego,
Califomia).
For in situ pull down assays, rat spinal cord cryosections (16 iim thickness, fresh) were post
fixed with 4% PFA and incubated with the clarified bacterial lysate, prepared from bactena
expressing GST-RBD or GST alone as described above, ovemight at 4°C. The sections
were then washed 3 limes is TBS. b}ocked in 3% BSA for 1 hr at room temperature and
incubated with anti-GST antibody (Celi signalling, New England Biolabs, Mississauga,
Canada) and witli celi-type specific antibodies (NeuN, GFAP and MAB328; Chemicon,
Temecufa, Califomia) or with antibody raised against 75Nm (Promega, Madison,
Wyoming) ovemight at 4°C. Sections were washed in TBS and incubated for 2 hr at room
temperature with FITC, Texas Red or Rhodamine conjugated secondary antibodies
(Jackson lmmunoResearch, Mississauga, Canada).
TUNEL labeling and immunohistochemistry.
Spinal cord samples of 3 mm and 4 mm spanning the lesion sites of mice and rats,
respectively, were dissected. Normal spinal cord was a 4 mm section from sham control
cords. Ail spinal cord peices were post-fixed in 4% paraformaldehyde, washed and
embedded in paraffin. Transverse sections of 6 tm thickness were cut, deparaffinized in
xylene, and rehydrated by ethanol washes. TLNEL labeling was carried out using the
fluorescein-FragEL DNA fragmentation Kit (Oncogene, Boston, Massachusetts). The
sections were co-stained with Hoechst 33342 (Sigma) and only TUNEL positive celis that
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correlated with Hoechst 33342 stained nuciei were counted. To quantitatively examine the
numbers of apoptotic cel1s, TUNEL positive celis were counted on sections from control,
lesion and C3-05 treated animais. A blinded researcher counted the total number of
TUNEL positive ceils located in the entire transverse section. The average number of
TUNEL positive ceils per section was caiculated from values obtained by counting 40-50
random sections throughout the lesion site of each animal, with 3 animaIs examined per
group. The TUNEL positive ceils (green) were distinguished from autofluorescent
macrophages (red) through the use of a merge red/green filter. Celis Iabeled with both
TUNEL (green) and p75 (red) were counted in a merge redlgreen filter, after verifying
coiocalization with Hoechst stain. Values were obtained by counting 20 random sections
throughout the lesion site of each animal, with 3 animais examined per group.
Tnimunohistochemistry with ceil-type specific antibodies (NeuN, GFAP and MAB32$;
Chemicon, Temecula, Caiifornia), or with a polyclonal C3 antibody (Winton et ai., 2002)
was performed on paraffin sections. After deparafinization, transverse sections were treated
with 2x saline sodium citrate at so oc for 20 minutes. Sections were blocked in Tris
buffered saline (TES) containing 3% BSA and 2% goat serum and incubated ovemight
with primary antibody at 4°C. FolÏowed by a 2 hr incubation with FITC or Texas Red
conjugated secondary antibodies (Jackson ImmunoResearch, Mississauga, Canada). Ail
pictures were taken with northem eclipse software and transferred to Adobe illustrator 9.0.
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Figure Iegends
Figure 1. RhoA is actïvated when celis are plated on growth inhibitory substrates.
(A) Rho activation levels were examined in vitro in PC-12 ceils plated on either poÏy-L
lysine, myelin (8 fig) or MAG (8 fig). Active GTP bound RhoA was isolated by pull down
assay 24 afier the ceils were plated on substrates and detected by immunoblotting with anti
RhoA antibody. Total Rho levels were determined from whole celi lysates as shown in
bottom panel. (B) Reversai of Rho activation by treatment of celis with C3-05. PC-12 celis
plated on myelin were treated with C3-05 (1 1g/ml) and Rho-GTP levels were detected by
pull clown assay. The middle panel shows total Rho levels and the bottom panel shows
whole celi lysates probed with an anti-C3 antibody. $amples for pull clowns, total Rho ami
C3 blots were from the same homogenates. (C) Pull clown assay with GST-RBD without
lysate. Beads incubated with buffer only show no active Rho, only GST-RBD band is
detected when blot is overexposed.
Figure 2. RhoA activation in normal and injured spinal cord tissue.
(A) RhoA was examined in normal rat and mouse spinal cord homogenates (control) and
hornogenates prepared 24 hours after transection or contusion injury, as indicated (lesion).
Active GTP-RhoA was isolated by pull down assay and detected by immunoblot with anti
RhoA antibody. Total Rho in the tissue homogenates from the same animais was detected
by immunoblot with anti-RhoA antibody. (B) RhoA is activated as early as 1.5 hr post
injury and activation was sustained for at ieast 7 days after injury. (C) Quantitative analysis
by densitometry of GTP-RhoA afier transection of rat spinal cord shown as mean +/-
S.E.M for ail animals examined; 24 hours (n 5), 3 days (n = 3) and 7 days (n = 3). n
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represents the number of animais. , P < O..05, as compared with uninjured control; F value
determined by unpaired t-test. (D) Western blot showing MAG at the lesion sites at ail time
points tested; second panel shown shows overexposed blot to see MÀG degradation present
after injury (5 ig of protein was loaded per lane). Immunoreaction to purified MAG and
myelin with the MAG antibody are shown in the last panel.
Figure 3. Treatment wïth the Rho antagonist C3-05 after contusion or transection of
the spinal cord reverses RhoA activation after injury.
(A) Injection ofC3-05 into the injury site reversed RhoA activation to basal levels afier
SCI. Active GTP-RhoA was isolated by pull down assay and detected with antibodies
specific for RhoA. Total RhoA from the same animais was detected by immunoblot. Anti
C3 antibody immunoblot of the same homogenate showed C3-05 was detected at the lesion
site for 7 days (C3-05). The same homogenates were used to determine levels of Rho and
C3. (3) Densitometric analysis ofthe reversai of Rho activation by C3-05 afier mouse
hemisection (n = 2); rat contusion, (n = 3); rat transection afier 24 hr (n = 3); rat transection
afier 3 d (n = 3) and rat transection after 7 d (n = 2). n represents the number of animais.
, P < 0.05 compared to lesion without treatment; P value determined by unpaired t-test.
(C) Double immunocytochemistry with cell-type specific markers (red) and a specific
antibody against C3 (green). Neurons (NeuN), astrocytes (GFAP) and oligodendrocytes
(MAB328) show C3 immunoreactivity within ceils in injured rat spinal cord treated with
C3-05. Scale bar, 50 .im.
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figure 4. Rho is activated in a large population of celis rostral and caudal to the
lesion site.
Top panel shows NisseÏ stained longitudinal section of rat spinal cord, 24 hi after dorsal
over-hemisection; scale bar 1 mm. Higher magnification of areas spaming the section are
shown boxed and numbered. Magnified panels l-4 show active Rho (GST-RBD detection)
in a large number of celis spaiming the lesion site. Panel 1 shows active Rho in grey matter
rostral to the lesion, panel 2 shows active Rho in grey matter caudal to the lesion, panel 3
shows active Rho in white matter ventral to the lesion and panel 4 shows an absence of
GST-RBD detection distal to the lesion. Scale bar, 100 11m.
Figure 5. Rho ïs active in neurons and guai ceils after SCI, detected by in situ pull
down assay.
(A) Control uninjured animais (control+GST-RBD) and C3-05 treatment of animais after
SCI (C3-05+GST-RBD) probed with GST-RBD show no active Rho. Sections of animais
after SCI incubated with lysate from empty pGEX vector expressing only GST protein
(iesion+GST-pGEX) show only background levels of GST in the spinal cord and no active
Rho. (B) Double labeling of spinal cord with celi type specific markers (red) and GST
antibody to detect GST-RBD (green). At ail time points tested (24 hi, 3 d and 7d), GTP
Rho was detected in neurons (NeuN), astrocytes (GFAP) arid oligodendrocytes (MAB328)
afler SCI.
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figure 6. Inhibition of Rho activation with C3-05 protects celis from apoptosis.
(A) Sections of injured spinal cords from mouse (top panel) and rat (bottom panel) were
double labeled with specific ceil markers NeuN, GfAP, or MAB328 (red) and by TUNEL
(green) to detect apoptotic celis. Scale bar, 50 4m. (B) Treatment of injured spinal cord
with C3-05 significantly decreased the number of TLTNEL positive ceils counted in both
mice (riglit) and rats (lefi). TUNEL positive celis were counted in 40-50 sections per
animal, taken ftom a 3 or 4 mm segment ofthe lesion site in mice and rats, respectively,
with 3 animals examined per group. ‘, F < 0.05 as compared to lesion without treatment; P
value determined by unpaired t-test.
(C) Sections from rat spinal cord showing that most C3 immunostained ceils were not
TUNEL positive. Arrow, one doubled celi. Scale bar, 50 4m. (D) C3 labeled ceils are less
likely to be TUNEL positive. C3 and TUNEL celis were counted and compared to the
number of TUNEL labeled ceils in C3-05 treated animais.
figure 7. Rho is activated after SCI by a 75NTR dependant mechanism.
(A) 75NTR labeled ceils colocalize with active GTP-Rho in injured spinal cord. Ceils
labeled with 75NTR (red) and GST-RBD (green) in grey matter (top panel) and in white
matter (bottom panel). Scale, 1004M. (B) Rho activation afier $CI in normal and 75NTR/
mice. Active GTP-RhoA was isolated by pull down assay and detected by immunoblotting
with anti-RhoA antibody (top panel). 75NTR
-I- mice 24 hr afler injury only basal leveis
of active Rho are detected as compared to normal mice. Paired samples were run on the
same gel and blots were developed under the same conditions. Total Rho in the tissue
homogenates from the sarne animais was detected by immunoblotting with anti-RhoA
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antibody. MAG was detected in the same homogenates by western blot (apparent MW 100
Kda). The levels (apparent MW 75 Kda) are shown in bottom panel. In control
uninjured animais iow leveis 0fp75NTR are detected, with 75NTR oniy being upregulated
after injury. (C) Active Rho is detected j p75
-I- mice 3 days after SCI.
figure 8. Rho reguiates 75NTR expression after injury
(A) Transverse sections throughout rat lesion sites show celis double labeled with 75NTR
specific antibody (red) and with TTJNEL (green). (B) The number 0fp75NTR iabeied celis
(lefi) and 75NT ceils positive for TUNEL (right) in transverse sections of rat spinal cord
afier injury. (C) The p75 protein leveis increase after SCI, but flot affer treatment with
C3-05. Detection 0f75TTR by western biot afier SCI and treatment with C3-05. The same
tissue homogenates used to show asctive Rho, shown in bottom panel, were probed with a
75NTR
specific polyclonai antibody (top) and an anti-C3 antibody (panel 2). RhoA in
whoie tissue homogenate from the same animais is aiso shown (panel 3). Last panel shows
GTP bound active Rho.
figure 9. Schematic diagram showing possible apoptotic cascade medîated by Rho
after SCI.
Both myelin-derived growth iuhibitory proteins (Figure 1) and TNF (Neurnann et al.,
2002a) directly activate Rho. p75NTR activates Rho in the absence ofneurotrophin binding
(Yamashita et al., 1999). The inactivation of Rho by C3-05 after SCI blocks the increase of
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75NTR protein levels (Figure 8C) and inhibits apoptosis (Figure 63 and C). Inactivation of
Rho with C3-05 both prevents apoptosis, as shown in this paper, and stimulates
regeneration (Dergham et al., 2002; Lehmaim et al., 1999). Gray unes indicate C3-05
treatment ana inactivation of Rho, black unes indicate the effects of active GTP bound
Rho.
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Abstract
Growth inhibition in the central nervous system (CNS) is a major barrier to axon
regeneration. Recent findings indicate that three distinct myelin proteins, myelin-associated
glycoprotein (MAG), Nogo, and oligodendrocyte-myelin glycoprotein (OMgp), inhibit
axon growth by binding a common receptor, the Nogo-66 receptor (NgR). NgR binds p75
neurotrophin receptor (p75NTR ) to inhibit neurite growth by a Rho-dependent pathway.
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Growth inhibitory proteins in myelin
It is now well established that the axons aduit CNS are capable of onÏy a limited
amount ofregrowth after injury and that an unfavorable growth environment plays a major
role in this lack ofregeneration. Much ofthe axon growth inhibitory activity in the CNS is
associated with myelin, and a number of individual proteins that inhibit axon growth have
been identified. To date three inhibitory components ofmyelin have been identified:
myelin-associated glycoprotein (MAG), Nogo, and most recently oligodendrocyte-myelin
glycoprotein (OMgp) (Kottis et al., 2002; Wang et al., 2002). Although distinct in
molecular structure, these proteins share a number of common attributes, including their
expression and localization in the myelin membrane directly adjacent to the axon. Together
with two additional reports on MAG (Domeniconi et aï., 2002; Liu et al., 2002), these
studies show that MAG, Nogo, and OMgp are ail important myelin-derived growth
inhibitory proteins that bind a common receptor, NgR, to block neurite growth.
MAG was identified as the first myelin-derived growth inhibitory protein by two
distinct experimental strategies. MAG inhibitory activity was detected in myelin after
extraction with octylgiucoside, fractionation by ion exchange chromatography, and
screening for inhibitory activity (McKerracher et al., 1994), and by a different approach,
the Filbin group showed that CHO ceils transfected with MAG inhibited neunte growth
(Mukhopadhyay et al., 199). Although the identification ofMAG as a growth inhibitory
protein was at first controversial, it is now well established that MAG can function as an
inhibitor of neurite growth. Further, it has also been shown that MAG is bifunctional; in
addition to inhibiting regrowth of aduit axons, MAG eau stimulate axon regrowth from
C
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young neurons, and changes in the endogenous levels of cAMP may account for these
developmentai changes in activity.
Nogo was reported independenfly by three groups as the long sought after higli
molecular weight myelin inhibitor first characterized by the $chwab group (reviewed in
Brittis and Flanagan, 2001). $omewhat surprisingly, Nogo was found to have three
different spiice variants: NogoA, NogoB, and NogoC, the latter two ofwhich are widely
expressed outside the CNS. Only NogoA possesses a unique N-terminal region flot shared
by NogoB and NogoC, and NogoA is specifically expressed in the CNS and is present on
the celi surface ofoligodendrocytes. NogoA has two functional domains: Nogo-66 and
Amino-Nogo. Nogo-66 is the transmembrane Ïoop region shared by ail Nogo isoforms,
while Amino-Nogo is the unique N-terminal domain.
While both domains are thought to contribute to myeiin-derived inhibition of
neurite growth, Nogo-66 specifically inhibits neurite growth, whiie the Amino-Nogo
fragment inhibits spreading and migration of non-neuronal celis, as well as blocking neurite
growth (Foumier et al., 2001). The findings that the amino-terminal fragment possesses
inhibitory activity is somewhat perpiexing, given that structural studies suggest Amino
Nogo is iocated on the cytoplasmic side ofthe membrane. Aithough this apparent paradox
rernains to 5e resoived, possibilities inciude potential conformationai changes in Nogo that
might expose the amino-terminal domain or potentially that injury in the CNS might resuit
in a disruption ofmyeiin such that both domains are exposed. The Strittmatter group
foiiowed up on the initial cioning ofNogo to identify the receptor for the Nogo-66 domain,
using an expression cloning strategy to isolate binding proteins. A single receptor, NgR
was identified and found to encode a protein which is associated with the cell membrane by
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a glycosylphosphatidylinositol (GPI) linkage (foumier et al., 2001). Mutated forms ofthe
receptor eliminated growth inhibition by Nogo-66, supporting its importance as a receptor
for Nogo. Structure-function analyses suggested that that a leucine-rich repeat domain is
important for Nogo binding. NgR is highly expressed in brain, and in situ hybridization
experiments show that NgR is predominantly expressed by neurons (Fournier et al., 2001).
OMgp is the most recently identified of the inhibitory components ofmyeiin, and
was identified independently by two groups. In the experiments to purify myelin inhibitors
where MAG was identified, it was noted that there were two major peaks of inhibitory
activity, with MAG present in the first peak (McKerracher et al., 1994). The Braun group
further separated inhibitory proteins in the second peak by PNA-agarose chromatography
and identified OMgp as a potent inhibitor, naming it first Anetin based on its growth
inhibitoiy properties (Kottis et al., 2002). Coming from another angle, the He group
identified OMgp by testing whether any GPI-anchored myelin proteins could act as
regeneration inhibitors (Wang et al., 2002a). OMgp was found to be highly enriched in
Phospholipase C-released fractions of myelin and shown to have potent growth cone
collapsing and neurite outgrowth inhibitory activities. The inhibitory activity of OMgp in
vitro appears to be as potent as that of MAG and Nogo and ail three proteins have a similar
distribution in the myelin sheath, suggesting that ail likeiy contribute to growth inhibition
in the aduit CNS.
Whiie recent years have witnessed a spurt in information about the moiecular
components of myelin and their activities, still relativeiy littie is known about how they
mediate their inhibitory effects on growing axons. As for any extracellular molecule,
understanding the mechanisms by which a ceil or in this case, an axon, reads this signal
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requires knowledge of the signal transduction machinery involved. In this respect,
identification ofNgR as the receptor for Nogo represented a critical contribution, it was
thought, at least for understanding the mechanisms underlying the effects ofNogo and its
particular contribution to the inhibitory activities ofmyelin. The surprise came when it was
shown that in addition to binding Nogo-66, the NgR could also bind and mediate the
inhibitory activities ofOMgp (Wang et al., 2002a) and MAG (Domeniconi et al. 2002; Liu
et aI., 2002). These studies bring these various molecules to an intersection, at the level of
the NogoR, and suggest that these seemingly distinct proteins might have more in common
than initially anticipated.
MAG, N 0go, and OMgp share a common receptor that mediates growth
inhibition
Wang et al. identified the NgR as an OMgp binding protein via an expression
cloning strategy and confirmed a functional role for the NgR in growth inhibition by OMgp
by showing that NgR transfected into neurons which would norrnally flot be inhibited by
OMgp can make these neurons sensitive to OMgp (Wang et al., 2002a). Following closely
on the heals ofthis report, two additional studies thrust the Nogo-66 receptor into center
stage by demonstrating that in addition to binding Nogo-66 and OMgp, the NgR also binds
MAG (Liu et al., 2000; Domeniconi et al., 2002). The Strittmatter group used an aikaline
phosphatase-NgR fusion protein to attempt to identify NgR co-receptors by expression
cloning and, in the process, identified MAG (Liu et al., 2002). Independently, the Filbin
group honed in on the NgR receptor as candidate for MAG binding based on a similarity in
molecular weight to candidates revealed in a previous characterization ofMAG binding
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proteins. Both studies show that NgR signais growth inhibition by MAG, and that NgR is a
required component ofMAG inhibitoiy signaling.
Therefore, NgR mediates growth inhibition by MAG, Nogo, and OMgp, three
structurally different proteins. Even more surprising is that ail three myelin-derived growth
inhibitoiy proteins bind NgR with high affinity of approximateiy 5 nM (OMgp, 5 nM
[Wang et al., 2002a]; Nogo-66, 7 nM tFoumier et ai., 2001]; MAG, 8 nM [Domeniconi et
al., 2002]). Also, ail three proteins are inhibitory in either substrate bound or soluble form,
and dominant-negative NgR removes sensitivity to ail three growth inhibitory proteins. The
challenge now is to elucidate the signaling mechanisms.
Rho GTPase and growth inhibition
NgR is GPI-linked to the ccli surface and does not have an intraceliular signaling
domain, so it is assumed that it must function as a part of a signaling complex. One due to
understanding signal transduction mechanisms was the demonstration that the small
GTPase Rho is key intracellular effector for growth inhibitory signaling by myelin. Rho
GTPases are a farnily of highly related proteins that are best charactenzed for their effect
on the actin cytoskeleton. The major members ofthe Rho family include Rho, Rac and
Cdc42. Isoforms of Rho exist, and in neurons RhoA is expressed at higher levels than
RhoB and RhoC (Lehrnann et ai., 1999). GTPases have two conformations: a GDP-bound
inactive state and a GTP-bound active state. In neurons, myelin and MAG inhibit growth
by Rho-dependent mechanisms (Lehmann et al., 1999), and more specifically, it has been
sliown that Rho is activated in contact with myelin (Winton et al., 2002). It lias flot yet been
tested whether Nogo or OMgp iigands acting via NgR can also activate Rho.
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The first indication that Rho family GTPases might play a key role in growth inhibition
came from studies of lysophophatidic acid (LPA) and neurite retraction. LPA is known to
activate Rho, and the ability of LPA to cause neurite retraction suggested that Rho might
also be involved in growth cone collapse. Lehmann et al. (Lebmann et al., 999) showed
that ceils transfected with dominant negative Rho could grow neurites on myelin substrates,
and that treatment with C3 transferase to inactivate Rho could aiso allow neurite growth on
inhibitory substrates. C3 transferase is a bacterial endotoxin which inactivates Rho by ADP
ribosylation. Similarly, it has now been shown that treatment ofneurons with C3
transferase allows neurite growth in the presence of chemorelpulsive guidance factors, and
moreover, inactivation of Rho with ceil permeable C3 analogs reverses Rho activation
concomitantly with their ability to promote growth on myelin substrates.
More recently, a Rho kinase inhibitor called Y-27632 lias been used to probe the
foie of Rho in growth inhibitory signaling. Treating neurons with C3 transferase or with Y-
27632 have similar effects
— both compounds promote growth on inhibitory substrates.
Moreover, both compounds not only override growth inhibition by myelin, but also by the
chondroitin sulfate proteoglycans (Dergham et al., 2002), a family of growth inhibitory
proteins concentrated at regions of the guai scar. A number of laboratories have shown that
treatrnent ofneurons with Y-27632 stimulates neunte growth. More specifically growth
cone collapse by chemorepulsive factors important in deveiopment can be blocked by
treatment with Y-27632. Therefore, Rho may be a convergent point for signaling by
different inhibitory receptors, not just NgR.
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Signal transduction by NgR and 75NTR
So what is the identity ofthe NgR’s signaling partner? A recent study has resoived
this question in part by showing that NgR binds to the extracellular domain ofp75NTR
(Wang et ai, 2002b). Disrupting the interaction between NgR and 75NTR by either NgR
dominant negative mutation or in a 75NTR nuli mutant mouse, makes neurons
unresponsive to myelin. These findings help explain why growth inhibition by MAG
activates Rho in a 75NTR dependent rnanner. In the search for 751TR —interacting proteins,
Barde’s group first detected RhoA binding to 75NTR (Yamashita et al., 1999). The other
isoforrns of Rho, RhoB and RhoC do flot bind p75”T1. Co-localization 0fp75NTR and MAG
binding suggested that 75NTR clusters with MAG receptors (Yamashita et al., 2002), now
known to be NgR. Moreover, neurons isolated from 75NTR nuil mutant mice were not
inhibited by MAG, showing a key role 0fp75NTR in growth inhibitory signaling by MAG
(Yamashita et al., 2002). Together with the findings that NgR binds 75NT, and that NgR
binds MAG, Nogo and OMgp, our new understanding is that neurite outgrowth is
blocked by myelin inhibitors by when NgR and 75NTR interact upon ligand binding to
NgR. Ligand binding then activates Rho in a 75NTR
—dependant manner (Figure 1).
How might such an inhibitory signaling complex function in the context ofthe ceil?
Growth inhibitory signaling complexes may be located within specialized lipid
microdomains of the growth cone membrane, as membrane rafts. Sucli membrane rafts are
rich in cholesterol, sphingomyeiin and gangliosides, and NgR, as a GPI-anchored protein,
could potentially link to sphingomyelin. In addition, Rho bas been shown to associate with
lipid rafts. Intriguingly, the major brain gangliosides GD1 and GT1b had been previously
suggested as candidate MAO receptors. (Vinson et al., 2001; Vyas et al., 2002). Neurite
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growth is reduced by addition of soluble GD1a and GT1b to neurons plated on MAG CHO
ceils (Vinson et al., 2001), and multivalent clustering of gangliosides completeÏy blocks
neurite growth in the absence of inhibitory molecules (Vyas et al., 2002). lit addition,
neurons from transgenic mice engineered to lack gangliosides are flot inhibited by MAG
(Vyas et al., 2002). Yamashita and colleagues also found that the ganglioside GT1b
associated with 75NTR as detected by immunoprecipation, suggesting that gangliosides
participate in the MAG receptor-signaling complex (Yamashita et al., 2002). Together with
the new data on NgR, these data suggest a model whereby ganglioside clustering in
membrane raifs might help form NgR receptor complexes with 75NTR upon MAG binding
to NgR (Figure 1).
The evidence in support of an involvement of gangliosides and Rho in inhibitory
signaling complexes is strengthened by studies in which the inhibition ofneurite growth by
anti-GTIb antibodies was reversed by treatment with Y27632, the inhibitor to Rho kinase
(Vinson et al., 2001). While NgR is the binding receptor for MAG, Nogo, and OMgp, at
least in the case ofMAG signaling, gangliosides may act to moduÏate the formation of
inhibitory signaling complexes in response to ligand binding. It has not been investigated if
gangliosides might also modulate growth inhibition by OMgp and Nogo. Although as yet
untested, it is tempting to speculate that the role ofgangliosides may be to help cluster and
stabilize receptor complexes once the ligand binds to NgR (Figure 1). This would be
consistent with sustained activation of Rho in response to inhibitoiy signaling (Winton et
al., 2002).
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Oligodend rocyte
OMgp
Growth Cone
Figure 1. Schematic Diagram Showing Signaling by Myelin-Derived Growth
Inhibitory Proteins
MAG, Nogo66 and OMpg ail bind with high affinity to the Nogo receptor (NgR),
likely locatcd in membrane raifs. We suggest that binding of inhibitoiy ligands causes
clustering of gangliosides (GT1b) in membrane rafts. It is flot known if additional NgR
binding partners may be present (indicated by a straight, dotted arrow and question mark).
The 75NTP also participates in inhibitory signaling, and likely forms part ofthe receptor
complex in the membrane raifs. Rho is activated by growth inhibitory proteins, iikely by
75NTR The activation of Rho resuits in growth inhibition.
75NTR
Growth Inhibition
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What is the role ofneurotrophin signaling in growth inhibition? Although neurotrophins
typically promote neurite growth and survival, they appear to be relatively ineffective in
overcoming growth inhibition (Cai et al., 1999). An interesting exception to this is that
neurotrophins can override growth inhibition if neurons are exposed to the neurotrophin
before plating on growth inhibitory substrates (Cai et al., 1999). These findings are
consistent with the observations that in the presence of neurotrophin binding, 75NTR
inactivates Rho (Yamashita et al., 1999) and perhaps suggests that once Rho is activated,
neurotrophin signaling is flot sufficient to reverse Rho activation. Other cellular signaling
pathways, sucli as integrin-based signaling, are also well knoWn to reverse Rho activation.
Moreover, laminin, which binds integrins, is known to reverse myelin-derived growth
inhibition and suggest that extracellular matrix interactions may play a role in modulating
growth inhibition as well.
The rote of cAMP in a common signaling pathway in growth inhibition
A number of different studies have described the importance of cyclic nucleotide
levels in the neuronal response to myelin-derived inhibitors of axon growth (reviewed by
(Snider et al., 2002), The levels of cAMP and cGMP can alter the effects ofneurotrophic
and guidance factors, with Iow levels of cyclic nucleotides promoting chemorepulsion, and
high levels supporting chemoattraction. Therefore, the level of cAMP acts as a switch for
inhibitory signaling. Elevation of cAMP in the growth cones can convert repulsion by
MAG to attraction. Aithougli as yet untested, it seems Iikely that cyclic nucleotide levels
will also be found to be important in Nogo and OMgp signaling.
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The relationship between cAMP and Rho signaling to overcome growth inhibition
lias flot been well studied in fleurons, but experiments in other systems have shown that
Protein kinase A can phosphorylate Rho preventing its activation. Phosphorylation of Rho
also causes it to dissociate from the membrane. Thus, one possibility is that increased
levels of cAMP may disrupt the NgR signaling complex, such that consequently the
signaling effort Rho is no longer able transmit inhibitory signais. further work wilI be
required to test this model.
Convergent Progress in Spinal Cord lnjury Research
Tri the Ïast several years, exciting progress has been made in elucidating new ways
to stimulate regeneration. Many ofthe successful strategies either block inhibitory proteins
or block signaling by inhibitory proteins. Altering the inhibitory environment ofthe CNS
with antibodies raised against inhibitory proteins lias been tested in many different injury
models. For instance, the iN-1 antibody promotes axon regeneration on myelin in many
different regions ofthe CNS (for review, Brittis and Flanagan, 2001). Likewise, a peptide
antagonist of the NgR, called NEPT-40, which binds the NgR but does not activate it, was
also shown to be able to reverse inhibition by Nogo-66 (GrandPre et al., 2002). Like the
IN-1 antibody, NEP1-40 promotes regeneration in the injured spinal cord, underlining the
importance ofNgR inhibition in biocking regeneration. Animais treated with NEP1-40
showed significant functional recovery, demonstrating its potential for therapeutic use.
NEP 1-40 did not, however, compietely block myelin inhibition in vitro, which
might be explained by the activities ofinhibitory proteins that do not bind NgR, such as
Amino-Nogo, as well as other inhibitory proteoglycans aiso present in myelin. In
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retrospect, a somewhat surprising aspect of this study is the finding that NEP1 -40 does flot
reduce MAO inhibition of neurite growth (Liu et al., 2002), and fiirther, it is flot known if
neutrahzing ail myehn inhibitors would promote an even more robust regeneration.
Blocking components ofthe intracellular inhibitoiy signaling cascade is yet another
new strategy to promote regeneration in the spinal cord, and three new studies now show
that blocking inhibitory signaling can promote regeneration in the CNS. One ofthe new
studies shows that inactivation of Rho promotes regeneration in injured spinal cord
(Dergham et al., 2002). The use ofC3 as an antagonist of Rho, or Y27632 to block Rho
kinase were compared, and both in inhibitors ofthe Rho signaling pathway promote axon
regeneration after spinal cord injury. further, hindlimb movement also was recovered in
both C3 and Y27632-treated animais. Two other studies show that raising cAMP levels in
advance of injury can overcome growth inhibition and promote regeneration afler spinal
cord injury (Neumann et al., 2002; Qiu et al., 2002) Although it has not yet been shown
that subsequent application of cAMP can promote regeneration or that such treatment can
lead to functional recovery, together these new studies show that modulating intracellular
signaling pathways to promote regeneration is an attractive strategy to promote repair after
SCI.
While enormous progress has been made in promoting regeneration after spinal
cord injury, more work is needed to understand the rnechanisms ofrepair. It is known that
sprouting of uninjured collaterals and reorganization of intact pathways may contribute
importantly to spontaneous recoveiy after spinal cord injury. Strategies that promote
axonal regeneration likely stimulate the spontaneous intrinsic repair processes as well. The
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rapid progress made in this field gives real hope for therapeutic interventions to promote
repair after spinal cord injury.
Conclusion
Our new understanding of MAG, Nogo and OMgp as myelin-derived growth
inhibitory proteins provide a basis for studies ofgrowth inhibitory signaling in the CNS.
The findings that three protein inhibitors with no structural relationship bind to a common
receptor, NgR, and that NgR binds 75NTR, are surprising and important. MAG, Nogo and
OMgp ail share a common localization in myelin adjacent to the axon membrane where
they can interact with NgR. These new findings indicate that myelin-derived growth
inhibitory proteins are not only important for regeneration, but have an important role in
regulating plasticity and axon — guai interactions. The novel findings provide new avenues
to explore the neuronal response to growth inhibitory molecuies and lead to further
understanding of the barriers to axon regeneration after injury in the CNS.
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Summary
Growth inhibitory proteins block axon regeneration in the CNS. Many growth
inhibitory proteins have been identified, and the Nogo66 receptor (NgR) binds the three
major myelin-derived inhibitors. Many studies now indicate that NgR signais to the small
GTPase Rho. Our studies have shown that Rho is an important intracelluÏar target for
overcoming growth inhibition and promoting axon regeneration after injury. The
inactivation of the Rho signaling pathway promotes neurite outgrowth of primary neuronal
celi cultures plated on growth inhibitory substrates. To inactivate Rho signaling C3
transferase, C3-05 (Cethrin’M), a more potent C3 transferase derivative, or Y-27632, an
inhibitor of Rho kinase, have been tested. In vivo, we have documented the regeneration of
transected axons after treatment with C3 transferase, C3-05 and Y-27632. C3 transferase
and C3-05 have been tested in two different animais models, microcrusli lesion of the aduit
rat optic optic nerve, over-hemisection of aduit mouse spinal cord. Treatment with C3-05
gave similar resuits to C3 transferase, except that the required doses are mucli iower.
Animais treated with C3 transferase, C3-05, or Y-27632 afier SCI ail showed axon
regeneration and impressive functional recovery. Inactivation of Rho to promote
regeneration and functional recovery after SCI is simple, and our studies reveal the
potential for a new, straightforward technique to promote axon regeneration.
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Introduction
Jnjuiy in the spinal cord disrupts or breaks axons, which are the fine projections of
neurons that act as fibres cf communication. Neurons in the central nervous system (CNS)
have a remarkable capacity to regenerate their transected axons when provided with an
appropriate growtli environment. Advances in our understanding of axon regeneration have
allowed the development cf different expenmental strategies to stimulate axon regeneration
in animal models of spinal cord injury (SCI). By replacing the CNS environment with a
peripherai nerve grafi, the Aguayo group clearly demonstrated that damaged axons once
thought to lack the intrinsic ability te regenerate could re-grow long distances in a
permissive environment(Aguayo et al., 1991). The inability cf the CNS environment te
support growth was initially thought to be soiely due to a iack of growth promoting signais,
however, Schwab and colleagues demonstrated that the CNS environment contains growth
inhibitory proteins that biock regeneration(Schwab et al., 1993). Antibodies raised
specificaily against growth inhibitrny proteins, or complete myelin have been used to
promote axon regeneration in the spinal cord. Many potent growth inhibitory molecules are
concentrated in myelin, the white matter territory where projection neurons extend long
axons. Other inhibitoiy proteins such as proteoglycans are expressed by ceils that form the
scar directly at the lesion site. Therefore, the challenge is to find a strategy that blocks ah
the CNS growth inhibitory activity. A growing body cf evidence suggests that the Rho
signaling pathway reguiates the neuronal response te diverse growth inhibitory proteins.
Therefore, Rho is a new and potentiahly very powerful target te promote repair after spinal
cord injury.
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Growth inhibitory proteins
Many different groups have now documented an important growth inhibitory activity
present in myelin. The inhibitory role of myelin was for a time questioned because several
studies showed that transplanted neurons grew axons on white matter (reviewed by Brittis
and Flannagan). (Brittis and Flanagan, 2001)More recent experiments on conditioning
lesions and priming of neurons have helped to explain why some aduit neurons grow on
inhibitory substrates, (Snider et al., 2002)however, it is clear that injured neurons do flot
regenerate their axons spontaneously on white matter in the absence of experimental
interventions. Moreover, another new study suggests that the balance between negative
inhibitory cues and positive growth cues may be a critical determinant for regeneration.
Chondroitinase ABC used to remove inhibition by chondroitin sulfate proteoglycans, flot
myelin, has also been a successful strategy to promote regeneration(Bradbury et al., 2002).
In this study axons grew around the lesion area, which typically becomes demyelinated. It
wiIl be important to leam to if chondroitinase treated axons grow on myelin. However, a
wealth of data shows axons do not grow well on myelin, and myelin inhibitors remain an
important field of investigation for studies of regeneration in the CNS.
The first rnyelin-derived inhibitory activity to be identified was myelin-associated
glycoprotein (MAG), a well-characterized myelin component. The inhibitory activity of
MAG was discovered independently by our laboratory(McKerracher et al., 1 994a) and the
Filbin group(Mukhopadhyay et al., 1994). Several inhibitory proteoglycans that associate
with myelin were also identified, 8, 9although their role in myeÏin biology is less
understood. Another growth inhibitory protein, called Nogo was reported next. Different
C splice variants of Nogo exist and Nogo contains ttvo different inhibitory domains, Nogo66
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and Amino-Nogo(Chen et al., 2000). Most recently, another myelin-derived growth
inhibitory protein, oligodendrocyte mylelin glycoprotein (OMgp) was identified
independently by two groups. (Kottis et al., 2002; Wang et al., 2002b)
New evidence suggests that the three major myelin denved growth inhibitory
proteins, MAG, Nogo66 and OMgp ail bind to the same neuronal receptor, the Nogo66
receptor (NgR) (reviewed by McKerracher and Winton(McKerracher and Winton, 2002)).
NgR is expressed in neurons and located on the ceil surface by
glycosylphosphatidyiinositol (GPI) iinkage. This means that NgR does flot have an
intracellular signalling domain, and must function as part of a signalling complex. Amino
Nogo does flot bind NgR, and therefore additional neuronal receptors are likely expressed
by neurons to mediate growth inhibition by Nogo as weIl.
Growth inhibitory proteins present at the guai scar near an injuiy site are another
important barrier of axon growth. Reactive astrocytes that form the guai scar express many
different types of chondroitin sulfate proteoglycans (CSPG). CSPG core proteins that
inhibit axon growth include versican, phosphocan, NG2 and neurocan. The full
complement of proteoglycans expressed at the guai scar, and their time course of
expression, has not been thoroughly explored. However, in tissue culture, reactive
astrocytes block axon growth and express inhibitory proteoglycans(fawcett and Asher,
1999; McKeon et al., 1995). Other ceil types also contribute to scar formation. For
example, meningeal ceils express growth inhibitoiy proteins on their celi surfaces and
invade the scar region to une the lesion cavity(Fawcett and Asher, 1999). The neuronal
receptors for the proteoglycans expressed at the guai scar are flot known.
C
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Recent evidence from our Ïab and others suggests that ail of the growth inhibitory
proteins share a common signaling pathway in neurons, and the key-signaling component
involved is Rho GTPase(Bito et aï., 2000; Dergham et ai., 2002; Lehmann et al., 1999;
Vinson et al., 2001; Winton et al., 2002). Rho is important in development for its role in
regulating the neuronal response to chemorepulsive guidance rnolecules(Wahl et al., 2000).
Active RJrn is known to cause growth cone collapse and neurite retraction(Jalink et al.,
1994). The inactivation of Rho, however, allows neurons to extend axons on growth
inhibitory myelin and proteoglycan substrates(Dergham et al., 2002). Moreover, it is
suggested that the NgR signalling complex is linked to the Rho signalling pathway (see
McKerracher and Winton(McKenacher and Winton, 2002) ). Therefore, the binding of
MAG, Nogo or OMgp ligands to NgR resuits in the activation Rho, and this has only been
directly shown for MAG. The activated form of Rho then signais downstream growth
inhibitoiy effects. Therefore, targeting Rho should block growth inhibitory signaffing by
both NgR mediated mechanisms, as well as those that do not act through the NgR, such as
Amino-Nogo, chemorepulsive molecuies, and proteoglycans.
Rho GiPases
Rho GTPases are a family of highly related proteins that are present in ail ceÏls as
important signalling switches. Rho is best charactenzed for its effect on the actin
cytoskeleton and the reguiation of motility, but recent evidence aiso implicated Rho in the
regulation of apoptosis23. In neurons, inactivation of Rho is necessaiy for axonal growth
and extension, both in devclopment and after injuiy. GlPases have two conformations: a
GDP-bound inactive state and a GTP-bound active state. We discovered that in fleurons,
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Rho is activated in response to contact with myelin(McKerracher and Winton, 2002).
Therefore, when neurons contact a growth inhibitory substrate, the activation of Rho
prevents regeneration. In contrast, the inactivation of Rho promotes axon growth on myelin
and other inhibitory substrates.
Antagonists of Rho signaling
Various strains of bacteria produce proteins that act as toxins by causing functional
changes to target proteins. The bacteria Clostridium botulinum produces several toxins, one
of which, C3 transferase, specifically inactivates Rho, but does flot posses a natural ccli
binding component that would allow it to efficiently enter celis. Methods that disrupt the
celi membrane help aid the entry of C3 into celis. Such methods, however, are flot efficient
tools for delivery, and are only effective when high concentrations of C3 are used(Winton
et al., 2002). To overcome this limitation, we have constructed a pemieable form of C3
transferase, C3-05 (CethrinTM), which can freely cross the celi membrane to inactivate
Rho(Winton et al., 2002). C3-05 promotes growth when cultured neuronal celis are plated
on growth inhibitory substrates at concentrations 10,000 times lower than unmodified C3.
By increasing the efficiency of C3 transferase, doses are now in the range feasible for
clinical development.
When Rho is active it binds to and activates several protein kinases. One downstream
target of Rho, Rho Kinase (ROK) is a key regulator of neurite growth(Bito et al., 2000).
When ROK is activated it induces neurite retraction. A Rho kinase inhibitor, Y-27632, fias
been shown to specifically inactivate ROK, and it promotes growth of neurites, both on
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permissive substrates(Bito et al., 2000) and on growth inhibitory.substrates(Dergham et al.,
2002). We have shown that when ROK activity is inhibited with Y-27632, primary
neuronal cultures extend neurites on myelin, proteoglycan or mixed substrates(Dergham et
al., 2002). The importance of Rho kinase in growth inhibition is underlined by studies with
a second Rho kinase inhibitor, fasudil hydrochioride. Fasudil improves the motor function
recovery of rats afier spinal cord injury(Hara et al., 20005), as does treatment with C3, Y
27632(Dergham et al., 2002), or C3-05 (unpublished).
Inactivation of Rho promotes regeneration on white matter in the optïc nerve
The optic nerve is a well-established experimental model of axon regeneration in the
CNS. The neurons in the retina that project to the brain are the retinal ganglion celis
(RGCs). RGCs send a long axon projection into the optic nerve, a pure while matter
environment. The simple anatomy of the optic nerve and ease of studying RGC axons
makes injury of the optic nerve an attractive model to study regeneration in the CNS. We
used a microcrush lesion to examine the role of Rho in the regeneration of injured CNS
axons. Typically after transection, cut axons in the optic nerve stop growing abruptly at the
lesion site. However, when Rho is inactivated by C3, cut axons were able to extend past the
lesion site into the myelin ricli white matter(Lehmann et al., 1999), and these studies have
been confirmed with C3-05 (unpubiished). Moreover, axons visible past the lesion site had
a twisted path of growth, characteristic of regenerating axons. These resuits demonstrate
that the small GTPase Rho lias a crucial role in regulating the growth of CNS axons.
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Inactivation of Rho signaling path.way promotes regeneration after spinal
cord injury
Ihese successful resuils in promoting regeneration of cut RGC axons in the optic
nerve lead us to examine the inactivation of Rho afier spinal cord injury as a strategy to
promote repair. To study spinal cord injury in aduit mice, we used a dorsal over
hemisection at vertebral level T7(Dergham et al., 2002). Immediately afler injury, C3
transferase or Y-27632 was delivered directly into the lesion in a fibrin matrix. Fibrin is a
protein dot formed when fibrinogen is cieaved by thrombin. Fibrinogen, thrombin and C3
were mixed together, the solution was injected on the site of spinal cord injury, and
immediately after injection the liquid poiymerized into a dot holding the C3 transferase or
Y-27632 in place at the site of lesion. Studies where we have removed the spinal cord
tissue 24 hours or one week afler application of C3-05 in fibrin indicate that this method
successfuliy retains the Rho antagonist at the site ofinjury where it is needed.
Afier SCI the cortico-spinal tract (CST) was anterogradeiy labeled to study if the
treatments with C3 transferase elicited regeneration. The CST is a descending pathway in
the dorsal spinal cord of mice. One month after SCI, wheat germ aggiutinin horseradish
peroxidase (WGA-HRP) was injected into several sites ofthe motor cortex. Two days afier
the WGA-HRP injections, the animais were fixed by perfusion, and longitudinal cryostat
sections of the spinal cord were obtained and reacted for HRP enzymatic activity. The
sections were aiso counter-stained with neutral red, allowing confirmation that the lesion
scar extended past the central canal. In control animals, the bundie of CST axons had
retracted from the lesion site, as previously observed. Treatment of the injured spinal cord
with C3 transferase or Y-27632 caused extensive axonai sprouting, as well as the
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regeneration of axons. After treatment with C3 transferase, axons were observed as far as
12 n-im past the lesion site. Treatment of spinal cord injured aduit mice with Y27632
resulted in the regeneration of axons to distances of up to 3 mm past the lesion
site(Dergham et al., 2002).
b successfuily regenerate, injured axons must express the genes necessary to
promote and sustain growth. One such growth-associated gene, the GAP-43 gene, is
expressed in ail neurons during development when neurons are extending axons. This gene
is also re-expressed in regenerating axons aller injury. To confirm the presence of long
distance regeneration in C3 transferase treated animais, we examined the expression levels
of GAP-43 protein in the neuronal ceils bodies of CST axons. In contrast to untreated
animais, a high leve] of GAP-43 expression was observed in the motor cortex of C3-treated
animals(Dergham et al., 2002). These resuits indicate that the inactivation of Rho by C3
transferase treatment resuhs in the expression of growth-associated genes required for axon
regeneration.
Functional recovery after spinal cord injury and treatment with Rho
antagonists
Growth of cortico-spinal fibers does flot necessarily correÏate with functional
recovery. Therefore to assess the functional recovery of animais aller treatment with C3
transferase, we used a rating scale that lias been developed to measure and evaluate the
motor performance of injured animals(Dergliam et al., 2002). Both treated and control mice
were followed for one month. A continuous improvement in walking skills was observed in
the treated mice while control animais did not recover beyond a plateau at l-2 weeks.
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Unexpectedly, mice treated with C3 transferase, or Y27632 showed a dramatic behavioral
recovery after 24 hours. These resuits occur at too early of a time point to be explained by
long distance regeneration. New resuits indicate that treatment with C3-05 lias
neuroprotective properties (unpublished), and it is likely that early neuroprotection limits
the extent of injuiy. These finding on functional recovery afler C3 fransferase or Y27632
are in agreement with the functional recovery reported afler use of the Rho kinase inhibitor
fasudil after SCI in rats(Hara et aL, 2000b).
While inactivation of Rho afier spinal cord injury stimulates long-distance axon
regeneration, we cannot correlate the observed functional recovery with axon regeneration.
Improvement in locomotor tests caimot be correlated with the regeneration of specific
tracts. Also, it is possible our treatrnents enhance the spontaneous recovery process that
occurs aller SCI. In our studies, the neuroprotective effects of C3 could play an important
role in improved recovery. Whule the late recovery of hindlimb-forelimb coordination
observed at one month was consistent with regeneration of cut fibres, it is weJl documented
that reorganization of collateral fibres of cut axons occurs after incomplete SCI(Weidner et
al., 2001). C3 treatment may enhance spontaneous plasticity of axons and dendrites.
Additionally, it lias been shown that spanng of a few ventrolateral fibers may translate into
significant differences in locomotor performance (reviewed by Rossignaol(Rossignol,
2000)). Therefore, many factors may contribute to fimctional recovery. Nonetheless,
treatments that stimulate functional recovery in animal models give hope that effective
treatment for spinal cord injury will be developed in the foreseeable future. Towards this
end, we are continuing our studies with the new celi permeable Rho antagonists.
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Conclusions
Our studies demonstrate the importance of Rho GTPase as intracellular target for
promoting axon regeneration affer CNS injury. In tissue cultures studies the direct
inactivation of Rho, or the inhibition of Rho kinase was effective in promoting axon growth
on myelin-derived growth inhibitory proteins and on inhibitory proteoglycan substrates.
Using two different animal models of CNS injury we show that the inactivation of the Rho
signaling pathway is a simple and effective method to promote the regeneration of
transected axons. Furthermore, mice treated with C3 transferase, C3-05 or Y27632 after
spinal cord injury showed increased improvements in functional recovery. These studies
show the potential of targeting the Rho signaling pathway to promote functional recovery
afler spinal cord injury. Inactivation of neuronal Rho allows axons to regenerate directly in
the native environment of the CNS by over coming growth inhibition.
o
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Figure 1. Trihibitory proteins block regeneration by activating Rho.
Growth inhibitory proteins in myelin and inhibitoiy proteins Ïocated at the guai scar afier
injury interact with neurons through receptors. The Nogo-66 receptor (NgR) binds three
myelin inhibitors (MAG, Nogo-66 and OMgp), whereas receptors for proteoglycan
inhibitors have not been weli characterized. Ail growth inhibitory proteins share a common
signaling pathway to Rho. Inactivation of Rho with C3 transferase or with C3-05, or
inhibiting Rho kinase with Y-27632 blocks inhibitory signaling. Blocking activation of
Rho signaling promotes axon growth and regeneration.
C
332
References
1. Aguayo AI, Rasminsky M, Bray GM, Carbonetto S, McKerracher L, Villegas-PerezMP, Vidal-Sanz M, Carter DA. Degenerative and regenerative responses of injured neurons inthe central nervous system of aduit mammals, Fhil.Trans.R.Soc. 1991; 331:337-343.
2. Schwab ME, Kapifiammer JP, Bandtlow CE. lnhibitors of neurite outgrowth,Annu.Rev.Neurosci. 1993; 16:565-595.
3. Brittis PA, Flanagan JG. Nogo domains and a Nogo receptor: implications for axon
regeneration, Neumn. 2001; 30:11-4.
4. Snider W, Zhou F-Q, Zhong J, Markus A. Signaling the pathway to regeneration,Neuron. 2002; 35:13-16.
5. Bradbury EJ, Moon LD, Popat RI, King VR, Bennett GS, Patel PN, Fawcett JW,McMahon SB. Chondroitinase ABC promotes functional recovery after spinal cord injury,Nature. 2002; 416:636-40.
6. McKerracher L, David S, Jackson IL, Kottis V, Dunn R, Braun PE. Identification of
myelin-associated glycoprotein as a major myelin-derived inhibitor of neurite outgrowth,Neuron. 1994; 13:805-811.
7. Mukhopadhyay G, Doherty P, Walsh fS, Crocker PR, Filbin MT. A novel role for
myelin-associated glycoprotein as an inhibitor of axonal regeneration, Neuron. 1994; 13:805-811.
8. Niederost BP, Zimmermaim,D.R., Schwab,M.E., Bandtlow,C.E. Bovine CNS myelin
contains neurite growth-inhibitry activity associatd with chondroitin sulfate proteoglycans., INeurosci. 1999; 19:8979-8989.
9. Xiao Z-C, David S, Braun PE, McKerracher L. Characterization of a new myelinderived growth inhibitory activity, Soc.Neurosci.Absts. 1997; 23:1994.
10. Chen MS, Huber,A.B., van der Haar,M., Frank,M., Schnell,L., Spillmann,A.A.,Christ,F., Schwab,M.E. Nogo-A is a myelin-associated neurite outgrowth inhibitor ami an
antigen for monoclonal antibody IN-1., Nature. 2000; 403:434-43 8.
11. Wang X, Chun SI, Treloar H, Vartanian T, Greer CA, Strittrnatter SM. Localization
of nogo-a and nogo-66 receptor proteins at sites of axon- myeÏin and synaptic contact, JNeurosci. 2002; 22:5505-15.
12. Kottis V, Thibault P, Mikol D, Xiao Z-C, Zhang R, Dergham P, Braun P.Oligodendrocyte-myelin glycoprotein is an inhibitor of neurite outgrowth, I Neurochem. 2002;In Press:
333
13. McKerracher L, Winton,M. Nogo on the go: multiple ligands and the p75NTRfunction in a common signaling comples with the Nogo receptor., Neuron. 2002; 36:1-20.
14. Fawcett JW, Asher,R.A. The guai scar and central nervous system repair, Brain Res.BulÏ. 1999; 49:377-391.
15. McKeon RJ, Silver J. Injury-induced proteoglycans inhibit the potential for laminin
mediated axon growth on astrocytic scars., Exp. Neurol. 1995; 136:32-43.
16. Winton MI, Dubreuil CI, Lasko D, Leclerc N, McKerracher L. Characterization of
new celi permeable C3-like proteins that inactivate Rho and stimulate neurite outgrowth oninhibitory substrates, JBiol Chem. 2002; 277:226570-226577.
17. Lehmann M, Foumier AE, Selles-Navarro I, Dergham P, Leclerc N, Tigyi G,McKerracher L. Inactivation of the small GTP-binding protein Rho promotes CNS axon
regeneration., I Neurosci. 1999; 19:7537-7547.
1$. Dergham P, Ellezam, 3. Essagian, C., Avedissian, H., Lubeil, W.D., McKerracher, L.Rho signaling pathway targeted to promote spinal cord repair, I Neuroscience. 2002; 22:6570-6577.
19. Bito H, Furuyashiki T, Ishihara H, Shibasaki Y, Ohashi K, Mizuno K, Maekawa M,Ishizaki T, Narumiya S. A critical role for a Rho-associated kinase, p16OROCK, indetermining axon outgrowth in mammalian CNS neurons, Neuron. 2000; 26:431-41.
20. Vinson M, Strijbos PJ, Rowies A, Facci L, Moore SE, Simmons DL, Waish FS.Myelin-associated glycoprotein interacts with ganglioside gtlb. a mechanism for neurite
outgrowth inhibition, JBioÏ Chem. 2001; 276:20280-5.
21. Wahl S, Barth,H., Coiossek,T., Akoriess,K., Mueller,3.K. Ephrin-A5 induces
collapse ofgrowth cones by activating Rho and Rho kinase., I CettBiot. 2000; 149:263-270.
22. Jalink K, van Conren EJ, Hengeveid T, Morii N, Narumiya S, Moolenaar WH.Inhibition of lysophosphatidate-and thrombin-induced neurite retraction and neuronal ceil
rounding by ADP ribosylation of the smali GTP-binding protein Rho, I Ccli Biol. 1994;126:801-$10.
23. Trapp T, Olah L, Hoiker I, Besselmann M, Tiesler C, Maeda K, Hossmann KA.GTPase RhoB: an early predictor of neuronal death afler transient focal ischemia in mice, MolCelÏNeurosci. 2001; 17:283-94.
24. Hara M, Takayasu M, Watanabe K, Noda A, Takagi T, Suzuki Y, Yoshida J. Proteinkinase inhibition by fasudil hydrochioride promotes neurologicai recovery after spinal cordinjury in rats, JNeurosurg. 2000; 93:94-101.
C
334
25. Weidner N, Ner, A., Salirni, N., Tuszynski, M.H. Spontaneous corticospinal axonal
plasticity and functional recovery after aduit central nervous system injury., Froc. Natl. Acad.
Sci. 2001; 98:3513-3518.
26. Rossignol S, Bélanger, M., Chau, C., Giroux, N., Brustein, E., Bouyer, L., Grenier,
C.-A., Drew, T., Barbeau, H., and Reader, T., in Neurobiology of spinal cord injuiy T. Drew,
Barbeau, H., and Reader, T. The spinal cat. In Kalb, EU. (Humana Press, Totowa, 2000) pp. 57-
87.
335
Appendix E
SEVENTH ARTICLE
« Inactivation of intracellular Rho to stimulate axon growth and regeneration. Benjamin
Ellezam, Catherine Dubreuil, Matthew Winton, Leanna Loy, Pauline Dergham, Inmaculada
Sellés-Navano, Lisa McKerracher. Prog Brain Res. 137: 371-380, 2002 .»
** Reprinted with penriission from Elsevier
336
Inactivation of Intracellular Rho to Stimulate Axon Growth and Regeneration
Benjamin Ellezam, Cathenne Dubreuil, Matthew Winton, Leanna Loy, Pauline Dergham,
Inmaculada SellésNavarro*, Lisa McKerracher.
Département de pathologie et biologie cellulaire et Centre de recherche en sciences
neurologiques, Université de MontréaÏ, Québec H3T 1J4, * Laboratorio de Oflalmotogia
Experimental, facultad de Medicina, Universidad de Murcia, Spain.
Key words GTPase, signaling, optic nerve, growth inhibition, spinal cord injury.
337
Summary
Our studies indicate that the smali GTPase Rho is an important intracellular target for
prornoting axon regrowth afier injury. In tissue culture, inactivation ofthe Rho signaling
pathway is effective in promoting neurite growth on growth inhibitory CNS substrates by two
different methods: inactivation of Rho with C3 transferase, and inactivation by dominant
negative mutation of Rho. In vivo, we have documented the regeneration oftransected axons
after treatment with C3 in two different animais models, microcmsh lesion ofthe aduit rat
optic optic nerve, and over-hemisection of aduit mouse spinal cord. Mice treated with C3 afier
SCI showed impressive functional recovery although it important to point out that mice differ
from rats in their response to spinal cord injury, especially in the extent of cavitation at the
lesion site (Steward, 1999). It remains to be determined to what extent the regeneration of
specific descending and ascending spinal axons contribute to the recovery, and whether
inactivation of Rho enharices the spontaneous plasticity of axonal and dendritic remodeling
after SCI. Inactivaction of Rho with C3 to promote regeneration and functional recovery afier
SCI is simple, and our studies show the potential for a new, straightforward technique to
prornote axon regeneration.
Introduction
Damage to neuronal function following spinal cord injury (SCI) arises from a complex
series of reactions. A key determinant of functional loss after SCI is axon injury at the lesion
site. Projection neurons that extend long axons within the spinal tracts are crucial for motor and
sensory ftrnction, and their axons do not regenerate foliowing transection, even though their
celi bodies may remain alive for many years. This regenerative failure is explained in part by
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the presence ofgrowth inhibitory proteins. These molecules repress axon regeneration by
severely limiting the ability of growth cones to extend. Most known growth inhibitory
moiecuies are concentrated in myeiin, the white matter territory where projection neurons
extend long axons. Other inhibitory proteins such as proteoglycans are expressed by celis that
form the scar directly at the lesion site. Therefore, one challenge to stimulate axon regeneration
after injury is to overcome the neuronal response to the diverse types ofinhibitory proteins that
are expressed in the CNS.
As in development, growing axons in regeneration require the formation of a growth cone,
the sensorimotor apparatus that forms at the proximal tip of a cut axon soon afler injuiy.
Regrowth of a cut axon depends on the coordinated assembiy, disassembly and contraction of
the actin cytoskeleton in the growth cone, and this process is responsible for the extension and
retraction ofthe axon in response to positive and negative extraceilular cues. b the mammalian
CNS, it is thought that negative cues that limit regeneration have a stronger influence or are in
greater abundance than the positive cues, which explains why growth cones fail to extend very
far. In tissue culture, the response of growth cones to inhibitory molecuies is to coilapse, and
growth cone coliapse depends on the balance of inhibitory to growth promoting cues (David et
al., 1995; Wenk et aÏ., 2000).
Actin-mediated ceil motility is reguiated in ail cells by the Rho family of GTPases. In
neurons, intracellular Rho GTPases regulate the response of growth cones to both
chemorepulsive guidance cues and growth inhibitory proteins (Dickson, 2001; Jin and
Strittrnatter, 1997; Kuhn et aÏ.. 1999; Lebmann et al., 1999; Wahl et al., 2000). Growth
inhibitory proteins that induce growth cone collapse activate Rho, and molecules that promote
neurite growth inactivate Rho (Lehmann et al., 1999; Wahl et aÏ., 2000; Wenk et al., 2000).
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We have investigated whether targeting Rho GTPase activity in neurons can allow them to
ignore growth inhibitory signalling and grow directly on inhibitory substrates. The inactivation
of Rho flot only allows axon growth on myelin and chondroitin sulfate proteoglycan (CSPG)
substrates, but also allows axon regeneration afier injury in the CNS. Moreover, recent studies
suggest that the inactivation of Rho may also have neuroprotective effects (Trapp, 200f).
Regulation of Rho GTPases
GTPases bind and hydrolyse GTP and cycle between active and inactive states. They are
active when bound to GTP and lose their activity upon hydrolysis to GDP. (Bishop and Hall,
2000;Schwartz and Shattil, 2000). To date, more than ten mammalian Rho family members
have been identified, and each Rho family member has several isoforms. Rho, Rac and Cdc 42
were the first identified and are the best characterised of the Rho family GlPases. Isofonns of
the Rho group include Rho A, Rho B and Rho C (Takai et al., 2001). PC12 ceils express Rho
A, Rho B, Rho C and one unidentified Rho isoform (Lehmann et al., 1999) that may be Rho E,
a Rho farnfly protein that shares the effector domain of Rho A, B and C and promotes motility
through actin reorganization. Unlike Rho A and Rho B, Rho E is flot affected by C3-
transferase, an inhibitor of Rho activity (Guasch, 1998; Wilde et aÏ., 2001). In neurons, Rho
and Rac have opposing effects: active Rho inhibits growth and active Rac stimulates it (Lin et
aÏ., 1994; van Leeuwen et aÏ., 1997). Jnterestingly, it was shown that the effect of
neurotrophins on promoting neurite outgrowth is mediated by the p75 receptor by Rho
inactivation (Yamashita et aÏ., 1999). Other studies examining the cross talk between different
GTPases show that neurotrophins also activate Rac (Yamaguchi et al., 2001). In vivo, GTPases
may affect both axons and dendrites differently (Luo et aÏ., 1996; Ruchhoefi, 1999), and one
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consistent finding is that Rho is important in regulating growth cone motility. In the CNS, there
is recent evidence that one isoform of Rho, Rho 3, is up-regulated after ischemia suggesting
that this GTPase may piay a role in the neuronal response to injury (Trapp, 2001). Moreover,
we have preliminary evidence that an imbalance in Rho expression and activity occurs afier
SCI, a change that could contribute to the failure of axons to regrow afler injury. While the
coordinated regulation of the different GTPases remains to be elucidated in regenerating axons,
it is clear that the different Rho family GTPases regulate the initiation, growth and guidance of
both axons and dendrites by acting on the actin cytoskeieton in response to diverse
extraceliular signais.
While Rho GTPases act as molecular switches cycling between active GTP bound and
inactive GDP bound states, this switching is catalyzed by other proteins. The guanine exchange
factors (GEFs) promote GTP binding to small GTPases. The GTPase activating proteins
(GAPs) hydrolyse GTP, pushing the GTPase into the inactive GDP bound state. Whiie Rho is
expressed in ail ceil types, GEFs may exhibit celi-type specificity. Several GEFs that are
known to play an important role in axon formation and guidance include Trio, a GEF for Rac,
Rho and Cdc42 (Lin and Greenberg, 2000) and Tiaml, a GEF specific for Rac (Kunda et al.,
2001). Once activated, the Rho GTPases bind and activate different effector proteins. A
principal effector of activated Rho is Rho-associated kinase (ROK), a serine threonine kinase
that is activated by Rho-GTP (Matsui et al., 1996). Microinjection ofthe catalytic domain of
ROK into neurons induces neurite retraction, and inhibition ofROK with Y27632, a specific
ROK inhibitor, prornotes neurite outgrowth (Katoh et al., 199$). Therefore, inhibiting either
Rho or its effector ROK is sufficient to promote neurite outgrowth in tissue culture.
C
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Rho GTPases play an important roÏe in integrating different signaling pathways that
influence growth cone morphology and collapse (Fig. I). Recently, Wahl et al. (Wahl et al.,
2000) demonstrated that ephrin-A5, a known inhibitory molecule and ligand ofthe Epli
tyrosine kinase receptors, causes the collapse ofgrowth cones by activating Rho A and down
regulating Rac 1. This induced collapse was significantly reduced when the cultures were
pretreated with the Rho inhibitor C3-transferase, or the ROK inhibitor Y27632. Consistent
with these findings, a newly discovered Rho family GEF, ephexin, links EphI ephrin receptor
complex to intracellular signaling by Rho GTPases to influence growth cone collapse. Ephexin
can strongly activate both Rho A and Cdc42, but can only weakly activate Rad. These studies
provide strong evidence for a direct link between extracellular growth inhibitory cues and Rho
GTPases. Aithougli we are just beginning to understand how extracellular guidance eues
control cytoskeleton dynamics and growth cone motility in neurons, there is growing evidence
that GTPases in non-neuronal celis are directly modulated by many different extracellular eues.
A Iink between integrin signaling and Rho has been well established in fibroblasts (Adams and
Schwartz, 2000; Wenk et aÏ., 2000), and integrin binding to laminin is well known to promote
neurite outgrowth (David et al., 1995). Therefore, Rho appears to integrate diverse positive and
negative signais in axon regeneration.
Extracellular cues can affect many other aspects of cellular regulation, particularly the
levels of intracellular cAMP. There is an interresting link between Rho signalling and cAMP
levels. Increased cAMP levels allow neurons to extend neurites on inhibitory substrates (Cai et
al., 1999) and it is thought that endogenous cAMP levels determine the regenerative capacity
of a neuron (Qiu, Cai and Filbin, this volume). Increases in cAMP levels are known to
inactivate Rho (Lang et al., 1996), and changes brought about by increasing cAMP levels can
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Figure 1. Schematic diagram to show that multiple growth signaIs converg to Rho. The activity
state of Rho is influenced by extracellular cues through both positive (gray) and negative (black)
receptor-mediated signaling.
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be counteracted by Rho activation and by ROK (Dong et al., 1998). Either cAMP or Rho can
be manipulated to promote neurite outgrowth in the presence of growth inhibitory molecules
(Lehmann et al., 1999; Song et al., 1998). Thus. the Rho pathway appears to act downstream of
cAMP, and Rho represents a specific and important target to promote axon growth.
While Rho is best known for regulating the actin cytoskeleton (Mackay and Hall, 1998),
more recent evidence implicates activation of Rho with apoptosis. An upregulation of Rho B
occurs in ishemia-injured fleurons, and stabilization ofthe actin cytoskeleton helps protect
neurons from ishemic ceil death (Trapp, 2001). In non-neuronal ceils, Rho B is required for
apoptosis and regulates the apoptotic response ofneuroplastic ceils to DNA damage (Liu and
Strittmatter, 2001). Therefore, growing evidence suggests that the inactivation of Rho should
flot only promote axon regeneration but also limit celi death after injuiy.
Inactïvation of Rho by C3-transferase promotes neurte growth
C3-ADP ribosyltransferase is a 24kD exoenzyme synthesized by CÏostridiuin botulinum
which specifically ADP ribosylates the Rho A, B, and C isoforms, but flot any other members
ofthe Rho families (Wilde and Aktories, 2001). We used recombinant C3-transferase to test if
the inactivation of Rho would allow axons to grow on complex myelin and proteoglycan
growth inhibitory substrates. The cDNA encoding C3 was cloned into a pGex2T vector
(Amersham PanMacia, Quebec Canada) that has a glutathione-S-transferase (G$T) tag. The
recombinant C3 protein was produced in E.coli and purified by affinity purification with
glutathione-agrose beads. Thxombin was used to cleave the GST tag from the purified protein,
and p-aminobenzamidine agrose beads were used to remove thrombin. Purified C3 was then
centrifuged to remove the beads, concentrated, desalted, and stored at —80°C.
C
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To test the ability of C3 to promote neurite growth on inhibitory sub strates we have
examined two types ofprimary neuronal ceils retinal neurons and cerebellar granule ceils that
were isolated from early postnatal rats. Retinal neurons were dissociated and plated on
inhibitory substrates made of either MAG, myelin or chondroitin sulfate proteoglycans.
Addition of C3 allowed retinal neurons to grow neurites on ail three inhibitory substrates, and
brought an increase in both the number ofneurons extending neurites and the average neurite
length. Cerebellar neurons were dissociated, prelabelled with Dii, and triturated with C3 (25-
5O1g/ml) or buffer, then plated on laminin as a growth promoting substrate (Fig. 2, A and B) or
myelin-associated glycoprotein (MAG) as a growth inhibitory substrate (Fig. 2, C and D). With
cerebellar neurons, C3 treatment allowed neurite outgrowth on MAG (Fig. 2D) and potentiated
neurite outgrowth on laminin (Fig. lB). Untreated cerebellar neurons plated on MAG did flot
extend neurites (Fig. 2C).
Although C3 is a very effective way to inactivate Rho and stimulate neurite outgrowth, it
is not very cd permeable. Thus, trituration ofprimary neurons was necessary to enable C3 to
enter the ceil and allow neurites to grow on inhibitory substrates. However, to improve
delivery ofC3, we have developed permeable forms that allow us to simply add it to the ceil
culture medium. Exp eriments using our new C3-like constructs give the same resuits as those
with C3, the advantage being that lower doses are required.
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Figure 2. Treatment of cerebellar granule ceils with C3 promotes neurite outgrowth. (A and B)
Dissociated cerebellar neurons treated with (A) buffer or (B) 03 and plated on laminin. (C and D)
Neurons treated with (C) buffer or (D) 03 and plated on MAG. Treatment of neurons with 03
potentiated neurite growth on laminin, and allowed neurons to extend neurites on a growth
inhibitory substrate.
Inactivation of Rho ïs sufficient to promote neurite growth on inhibïtory
substrates.
To verify that inactivation of Rho was sufficient to allow neurons to extend neurites on
inhibitory substrates, we examined the ability ofPCl2 celis transfected with dominant negative
RhoA (Ni 9TRh0A) to grow on recombinant MAG substrates. Transfected Ni 9TRhoA celis
and mock-transfected Pci 2 celis were examined for their ability to extend neurites when
plated on inhibitory MAG substrates. friactivation ofRhoA by dominant negative mutation was
sufficient to allow Ni 9TRhoA ceils piated on MAG substrates to extend neurites, and by
contrast, mock transfected ceils were unable to grow on MAG substrates (Lehmanri et al.,
1999). It is not known if dominant negative mutations of Rho expressed in vivo by gene
therapy techniques would aliow regeneration after axonal injury. In this case, the dominant
negative Rho expressed in the ceil body would have to be transported to the tip ofthe
transected axon to be effective. It would be useful to know if this transport occurs at the slow
or fast rates of axonal transport, and if direct delivery of dominant negative Rho to a neuronal
ccli body could stimulate the growth of an axon cut many centimeters away.
The optic nerve microcrush model to study axon regeneration
Aguayo and coileagues first showed aduit RGC axons couid regenerate if they were
provided with an alternative environment such as a peripheral nerve grafi (So and Aguayo,
1985; Vidal-Sanz et aÏ., 1987). It is apparent now that RGCs can regenerate in their native
optic nerve environment if given trophic support (Berry et al., 1996; Berry et ut., 1999; Leon et
cii., 2000), if the optic nerve environrnent is modified by ccli transplantation (Lazarov-Spiegler
et aÏ., 1996), or if growth inhibitory myelin proteins are blocked (Ellezam and McKerracher,
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2000; Weibel et aÏ., 1994). To develop those strategies, investigators have rehed on optic nerve
crush to unequivocally axotomize ail RGCs yet preserve tissue integrity between proximal and
distal segments. Standard crush lesions cause less ceil death and optic nerve damage than
complete transection ofthe optic nerve (Berkelaar et aï., 1994;Kieman, 1985). However,
crushing the nerve with forceps creates an area of cavitation with a poorly delimited injury site
that makes quantitation of axon regeneration difficuit (Berry et aï., 1996; Giflochristos and
David, 1988; Weibel et al., 1994; Zeng et al., 1994). Therefore, we developed anew type of
lesion where complete axotomy is achieved by constricting the optic nerve with 10-0 sutures
for 60 seconds (Lehmaim et al., 1999). This microcrush lesion resuits in a clear and defined
injury site that is suitable for precise anatomical studies of axon retraction and regeneration
(Selles-Navarro et al., 2001a).
To characterize the microlesion model we have examined the neuronal and non-neuronal
responses to a microcrush lesion. We have found that as early as 6 hr following microcrush of
the optic nerve, anterogradely labeled RGC axons retract up to 200 tm from the lesion site,
and in the following week they sprout back toward the site of lesion where they abruptly stop
(Selles-Navarro et aï., 2001b). This initial growth response is consistent with the early
sprouting observed by Zeng et al. (1994) using electron microscopy. At 2 weeks, stiil very few
axons grow past the injury site, most ofthem stili remaining on the proxirnal side (Figure 3C).
As for the non-neuronal response, it is similar to that observed after typical optic nerve crush
made with forceps (Berry et al., 1996), although constrained to a smaller lesion area.
Immediately after injury (24 hr) there is a GfAP-negative region, while CSPGs detected with
CS56 antibody are expressed along a discrete injury line (Selles-Navarro et al., 200 la). CSPG
immunoreactivity remains detectable for at least 2 weeks, indicating formation of a persistentC
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guai scar. In fact, it might be more appropriate to refer to the guai scar as the lesion scar since
invading meningeal ceils contribute importantly to its formation (Selles-Navarro et al., 2001a).
kideed, a network ofnewly formed blood vessels quickly fus the injury site and appears to
form ofa tight physicai barrier.
Studying the microcrush lesion model has provided us with some insight on the reason for
RGC regeneration failure. Anterograde tracing examination clearly shows that early afier optic
nerve lesion aduit RGCs have retained their potentiai to regenerate, since afier the initial
retraction they can regrow for up to 200 11m. However, without any treatment, the vast majority
of axons stop abruptiy at the C556 immunoreactive lesion barrier. Yet, despite the presence of
a barrier, some axons do cross the lesion site, but only grow within the myelin-rich white
matter for very short distances. More ofien these axons wiil either be contained outside the
nerve and along the sheath or in the first 50 im past the lesion site, within the limits ofthe
rnyelin-free zone (Lehmann et al., 1999; Selles-Navarro et al., 200 la) suggesting the
importance ofmyeiin in1ibitors in blocking regeneration. Moreover, when myeiin inhibitors
are blocked without any additional intervention, significant regeneration is obseiwed (Weibel et
al., 1994), a regrowth most likely driven by the initial sprouting reaction seen afier injury.
Thus, both the lesion scar and myelin inhibitors contribute to the lack of significant RGC
regeneration after optic nerve injury.
Another possible explanation for RGC regenerative failure is the delayed apoptosis that
foilows axotomy. Indeed, five days after optic nerve injury RGCs rapidly start to die
(Berkelaar et al., 1994). However, one week afier microlesion about 60% ofRGCs stiil survive
(Selles-Navarro et al., 200 la) and their axons can stiil actively transport the anterograde tracer
C
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Figure 3. Regeneration of retinal ganglion cells axons after injury and treatment with 03. (A)
Seven days aftet injury and 03 treatment many axons cross the lesion site as compared to
animaIs treated with buffet alone where axons stop abruptly at the lesion sIte. (B) Two weeks after
03 treatment many axons cross the lesion scar (arrow heads) to grow in the distal white matter.
(C) Control animal treated with buffer in the Geifoam and Elvax 7 days after injury and treatment.
(D) Normal optic nerve showing that choiera toxin B subunit, used as the anterograde tracer in
these studies, does not accumulate when there is no lesion.
choiera toxin B. Moreover, one week after optic nerve injury, most surviving celis have
normal morphology when observed afler FluorogoÏd labeliing and do not show signs of
impending apoptosis (Kikuchi et al., 2000). Yet, ail those surviving RGCs typically do flot
extend an axon farther than the lesion site. Therefore, the poor regeneration observed at 7
days caiinot be accounted for by poor celi survival alone, making growth inhibition an
essential target for new regeneration strategies.
C3 promotes axon regeneration of retinal ganglion ceil axons
To test if blocking Rho signaling couid promote axon regeneration in vivo, we studied the
effect ofC3 on RGC regeneration after optic nerve microcrusli (Lehmann et aI., 1999). We
applied C3 to the lesion site as a 2 mg/ml solution absorbed in Gelfoam, and then wrapped the
Geifoam around the nerve at the site oflesion. In addition, two 3 mm long tubes ofElvax, a
slow release polymer loaded with 20 ig C3, were inserted in the Geifoam near the nerve for
continued slow release ofC3. For controïs, phosphate buffered saline (PBS) was used in the
Gelfaom and Elvax implants. Seven days or two weeks afler optic nerve crush, RGC axons
were anterogradely iabeled with choiera toxin f3 subunit injected into the vitreous, then the
animais were fixed by perfusion with 4% paraformaldehyde and longitudinal cryostat sections
ofthe optic nerve were processed for immunoreactivity to choiera toxin f3 subunit. For a
quantitative analysis the numbers of axons per section were counted at distances of 100 4m,
250 m, and 500 m, and at least 4 sections per animal were analyzed. Two C3 treated animais
and four controls were examined 7 days afler lesion. For examination 2 weeks post iesion, 16
animais were treated with C3, 10 animaIs were treated with buffer as controls, and 4 animais
received microcrush lesion only.
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Afier treatment of crushed optic nerve with C3, large numbers of axons extended through
the site ofthe crush to grow in the distai optic neiwe. Seven days after lesion, many axons had
grown past the region ofthe lesion scar (fig. 2A). In control animais, axons liad sprouted to the
lesion site by 7 days, but the vast majority stopped abruptly at the lesion site (fig. 3C). Most of
our observations were made two weeks after lesion where the resuits were even more dramatic.
In C3-treated animais, many axons extended 500 m past the lesion site by two weeks, and
axons that extended in the distal optic nerve showed a twisted path of growth, supporting their
identification as regenerating axons (fig. 33). In control animais, only a few axons were abie
to grow past the lesion at 1 week, and growth was flot observabiy further at the two week time
point. finally, to rule out the possibiiity that some ofthe fibres observed past the lesion site are
actually axons that were spared at the time ofinjury, we injected the antergrade tracer in the
vitreous ofuntreated animais with intact optic neiwes and ailowed the same amount oftime for
the tracer to be transported before perfusion. Longitudinal sections of those nerves did flot
show axon profiles past the lamina cribosa (fig. 3D). Although RGC somas showed
accumulation of the tracer (data flot shown), axons in tum did not retain it, most likely because
the tracer accumulated at their synaptic endings. These experiments mie out the possibility that
spared fibers were detected after microlesion and C3 treatment.
b quantitatively examine the differences between C3 and buffer-freated animais, we
counted the number of axons in each section at distances of 100 im, 250 m, and 500 iim past
the lesion site. $ignificantly more axons extended past the lesion in the C3-treated animais than
in the microcrush lesion or buffer-treated controis at distances of 100 tm and 250 im.
Therefore, C3 applied to injured RGC axons can enter axotomized axons and promote robust
axon regeneration in the inhospitable growth environment ofthe optic nerve. We specuiate that
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C3, which is flot readily ceil permeable, vas effective in eliciting regenertion because it was
able to enter injured axons. It is known that injured axons readily take up substances from their
environment. Our current investigations are to determine to what extent the new permeable
forms of C3 that we have made can further augment the regeneration response afier injury.
In vivo Spinal Cord lnjury Experiments
We have begun a series of experiments to test the ability of C3 to promote regeneration
and functional recovery after spinal cord injury. For these studies, we have used a dorsal over
hemisection ofthe mouse spinal cord. We chose this model because we have previously used it
to test a therapeutic vaccine to promote axon regeneration (Huang et al., 1999a) and because it
is highly suitable to study by anterograde tracing the regeneration of fibres in the corticospinal
tract. In considering the various in vivo models of spinal cord injury, it is important to keep in
mmd that each model has distinct advantages and disadvantages. The contusion model is
believed to most closely resemble human SCI (Bresnahan et aÏ., 1987; Gruner, 1992; Wrathall
et aÏ., 1985), and recovery ofhindlimb movement can be measured with the BBB scale (Basso
et aÏ., 1996). Afler contusion there is a rim of spared tissue, and therefore, this model is
unsuitable for the unequivocal histological determination of successful axon regeneration.
To study the ability of C3 to promote axon regeneration in the injured spinal cord, we
lesioned the spinal cord at the T7 level by cutting past the central canal with microscissors,
then re-cutting with a surgical knife. One month later, wheat germ aggiutinin horse radish
peroxidase (WGA-HRP) was injected into several sites ofthe motor cortex. Two days later, the
animais were fixed by perfusion, longitudinal cryostat sections obtained and reacted for HRP
enzymatic activity, then counter-stained with neutral red. This staining allowed us to confirmC
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that the lesion scar extended past the central canai. In control animais, the.bundle of CST axons
retracted from the lesion site, as previously observed (Huang, 1999; Li et aÏ., 1996). In mice
treated with C3, many axons extended into the lesion site and some axons were able to grow
distances of up to 10 mm. Therefore, as in injured optic nerve, C3 used to inactivate Rho can
promote axon regeneration in the injured aduit spinal cord.
We have also studied recovery ofhindlimb movement and waiking in treated mice.
Treated mice showed an improvement in locomotion within 24 hours. This rapid recovery may
be due to neuroprotection because neuroprotection improves functional outcomes (Giménez y
ribotta, Gaviria, Menet, and Privat, this volume). The activation of Rho lias been implicated in
ccli death afler ischemia in the CNS (Trapp, 2001), and thus, the inactivation of Rho by C3
may be neuroprotective. Moreover, treated mice showed recovery of walking with hind-limb
forelimb coordination. Control mice recovered walking, but did flot recover coordination
between hindlimbs and forelimbs.
At this stage ofthe research, we cannot correÏate the functional recovery we observe with
axon regeneration. The BBB openfield locomotor test cannot be correlated with the
regeneration ofspecific tracts, and adaptive plasticity ofpreserved tracts is likely to contribute
to recovery, In our studies, the potential neuroprotective effect of C3 could play an important
role in improved recovery, and therefore, it is not clear to what extent improvements in the
BBB score reflect the observed regeneration. Whlle the late recovery ofhindlimb-forelimb
coordination we observe at one month is consistent with regeneration of dut fibres, it is welI
documented that reorganization ofcollateral CST fibres occurs afier SCI (Weidner, 2001) and
this process could be enhanced by C3 treatment that might enhance spontaneous plasticity of
axons and dendritic remodelling. Afier incomplete SCI, there is plasticity of motor systems
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attributed to cortical and subcortical levels, including spinal cord circuitry (reviewed by
(Raineteau and Schwab, 2001). This plasticity may be attributed to axonal or dendritic
sprouting of collaterals and synaptic strengthening or weakening. Additionally, it has been
shown that sparing of a few ventrolateral fibers may translate into significant differences in
locomotor performance (Brustein and Rossignol, 199$) since these fibers are important in the
initiation and control of locomotor pattem through spinal central pattem generators (reviewed
by (Rossignol, 2000). Moreover, the SC devoid ofsupraspinaÏ input but with peripheral
afferents is in and of itself capable of generating hindllmb locomotion through central pattem
generators (Rossignol, 2000). Therefore, many factors may contribute to functional recovery.
Nonetheless, treatments that stimulate fiinctional recoveiy in animal models give hope that
effective treatment for spinal cord injury will be developed in the foreseeable future. Towards
this end, we are developing more effective recombinant Rho antagonists that have increased
celi permeability and that can stimulate spinal cord repair at lower doses. This strategy to
improve recovery affer spinal cord injury is simple: a single recombinant protein given once
soon afler injury. Further research with different animal models is needed to more directly
compare C3-induced functional recovery with the recovery observed with other strategies
described in this volume.
o
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